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Abstract 
 
This thesis deals with prediction of early age cracking caused by restrained thermal dilation and 
autogenous deformation. The purpose of the present work is to provide new and extend the 
existing knowledge of material properties, especially thermal dilation, autogenous shrinkage, 
mechanical properties and viscoelastic behavior, of high performance concrete at early age and 
their contribution to the generation of self-induced stresses in concrete structures during 
hardening.  
 
The major features of hardening concrete are described and mathematical descriptions of the 
phenomena are given within a thermodynamic framework. The maturity concept (equivalent 
time) was introduced to describe the development of material properties, and all material 
properties may be considered as maturity dependent. It is shown that the simple maturity based 
model for the heat of hydration development can describe temperature development in the 
concrete structure with good accuracy. A modified CEB equation for E-modulus and 
compressive and tensile strength development is implemented. The different isothermal 
temperature influence on creep is taken into account by the maturity concept, and the influence 
of the change of temperature on creep is considered by introducing a transient thermal creep 
term. 
 
The concrete compositions and test methods to characterize the following material properties 
were described in detail and a series of comprehensive tests were performed to independently 
determine the material parameters: 
• The temperature sensitivity (activation energy) 
• Heat of hydration 
• Volume change (Coefficient of Thermal Expansion (CTE), and Autogenous Deformation 
(AD)) 
• Mechanical properties (E-modulus, compressive strength, tensile strength) 
• Creep/relaxation properties under compressive and tensile loading 
• Transient thermal creep 
 
First the influence of mineral additives such as fly ash (FA) and blast furnace slag (BFS) on the 
development of material properties of young concrete is studied. The replacement of cement 
with the mineral additives such as FA and BFS significantly reduces the hydration heat. The 
replacement of cement with BFS does not have significant influence on the development of 
autogenous deformation, while the replacement of cement with FA has a considerable influence 
on the development of autogenous deformation. The replacement of cement with FA or BFS has 
significant influence on the development of the compressive strength. In general, the higher the 
mineral additives content the lower the compressive strength. The replacement of cement with 
FA or BFS has moderate influence on the 28-days elastic modulus, but the elastic modulus 
development at very early age (less than 1 day) is considerably affected by the slow 
development of the pozzolanic reaction, and the higher the content of FA is, the lower is the 
elastic modulus. The 28 day splitting tensile strength is significantly reduced by the replacement 
of cement with FA or BFS.  
 
The comparison of the test results of the compressive and tensile creep tests show that at loading 
ages before 4 days the magnitude and rate of compressive creep is higher than that of tensile 
creep for a period of time, while afterwards the rate of compressive creep decreases more 
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rapidly than the rate of tensile creep. This leads to higher tensile creep a few days after loading. 
The development of compressive and tensile creep is more similar for age of loading beyond 7 
days. The amount of cement replaced with FA or BFS substantially influences the compressive 
and tensile creep relation as well as the creep magnitude. The results show that high creep in the 
concrete containing FA or BFS can accelerate the stress relaxation and therefore be beneficial in 
reducing the risk of cracking at early ages. This effect would then add to the more obvious and 
well-known positive effect of using such concrete, namely the reduced hydration heat. 
 
Furthermore the transient thermal creep was investigated for Basic 5 concrete. For hardened 
concretes, the test results showed that not only during heating, but also during cooling, the 
compliance functions increase dramatically due to temperature changes during these two periods. 
The calculated compliance functions are in good agreement with the measured results, the 
improvement of the modeling by including the transient thermal creep term is significant. For 
young concrete, the test results for young concrete under compression show low increase of 
compliance function due to transient creep during the cooling period, and the test results for 
young concrete under tension show that the transient thermal creep exists during the heating and 
cooling period. The analytical model of transient thermal creep gives an acceptable prediction of 
the test results for the young concretes and the maturity concept is able to describe the major 
part of the temperature influence on the creep strain development. But it seems that it is not 
enough to take into account the temperature effect on the creep by only using the maturity 
concept when large temperature increase or decrease happens in a short period, and it gives 
more reliable prediction if the transient thermal creep term is added. The parameter ρ  is similar 
in hardened and young concrete under either compressive or tensile load condition, but it is 
higher in compressive loading than in tensile loading.    
 
The total experimental test program also involves restraint stress measurements in a 
Temperature-Stress Test Machine (TSTM) under realistic temperature histories and full or 
partial restraint conditions. A field test of wall structure was also carried out in 2004. The wall 
structure is comparable to a submerged tunnel that will be constructed in Oslo, and a part of 
NOR-CRACK is devoted to this project.  First the test data of material properties was directly 
used as input to calibrate the temperature and stress development in the TSTM, and then the 
well documented material models were applied in 3-D numerical analysis performed with 
DIANA to predict temperature and strain development in two of the instrumented sections of the 
field test. Deviation between calculated and measured temperature is within range of ±3ºC. 
Deviation between calculated and measured strains in the middle part of both walls (0.6 – 1.2 m 
above the slab) is about ±50 μ. When all uncertainties in material modeling and measuring 
methods are considered it is concluded that results of the simulation are satisfying.  
 
The last part of the work was to evaluate the crack risk for five types of concretes mixes: 
ordinary Norwegian concrete (SV 40*), two types of concretes containing 40% and 60% FA by 
weight of cement (40% and 60% FA*), and two types of concretes containing 40% and 60% 
BFS by weight of cement (40% and 60% BFS), in the design phase of the Bjørvika submerged 
tunnel in Oslo, and thus to provide valuable recommendation in the process of selecting concrete 
composition. Both thermal and mechanical properties of five types of concretes were 
investigated in the test program to identify material parameters. Material models were checked 
in the TSTM under realistic temperature histories. 3D analyses were performed with DIANA to 
calculate the temperature and stress/strain development in Bjørvika submerged tunnel for these 
five types of concretes. The analysis showed that the 60% FA* concrete has both the lowest 
maximum temperature (42.2 ºC) and the lowest stress/strength ratio (0.74) for the outer wall. 
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1. Introduction 
 
1.1.Background 
 
Cracking of concrete structures during the hardening phase often seriously compromises not 
only structure integrity, but also durability and long-term service life. The problem arises from 
the fact that concrete experiences complex chemical and physical changes and interacts with its 
environment at early ages. During the hardening process (first 1-2 weeks), volumetric changes 
due to thermal dilation and autogenous deformation occur simultaneously in the concrete 
structures. Thermal dilation is caused by the temperature changes due to heat of hydration. 
Autogenous deformation is a result of continuing water consumption in the hydration reactions, 
leading to self-desiccation (unlike drying shrinkage, which is due to water loss from the 
concrete). The mechanical properties such as elastic modulus and tensile strength are developed 
quickly during the hardening phase. Consequently, self-induced stresses will be generated in 
structural members subjected to restrained conditions. Cracking of young concrete is mainly 
caused by restrained thermal deformation and autogenous shrinkage, which may induce a severe 
state of stress beyond the material strength development. 
 
High-strength concretes (HSC) and high-performance concretes (HPC) with low water/binder 
ratio are increasingly used for structures where their superior mechanical properties and 
durability performance provide an override advantage. However, the increased use of such 
concretes was accompanied by concern regarding their early age cracking sensitivity. In these 
concretes considerable deformation due to combination of autogenous shrinkage and thermal 
dilation can develop and lead to early sensitivity to cracking in restrained conditions. The 
cracking of early age concrete increases the permeability and permits ingress of external harmful 
agents into the concrete more easily, such as penetration of chlorides, carbonation, damage due 
to freezing, and sulphate attack etc.. 
 
The pozzolanic (e.g. fly ash, silica fume) and cementitious materials (e.g. ground blast-furnace 
slag) are used extensively as mineral additives in production of high-strength and high-
performance concretes in the last decades due to significant cost and energy savings. A pozzolan 
is defined as a siliceous or siliceous and aluminous material which in it self possesses little or no 
cementing property but will in a finely divided form and in the presence of moisture chemically 
react with calcium hydroxide at ordinary temperature to form compounds possessing 
cementitious properties. The reaction between a pozzolan and calcium hydroxide is called the 
pozzolanic reaction. The engineering benefits, likely to be derived from the use of mineral 
additives in concrete, include improved resistance to thermal cracking because of lower heat of 
hydration, enhancement of ultimate strength and impermeability due to pore refinement, and (as 
a result of reduced alkalinity) a better durability to chemical attacks such as by sulfate water and 
alkali-aggregate expansion. 
 
Traditionally, the risk of cracking in early age concrete structures were evaluated based on 
temperature criteria. A temperature criterion can be applied by limiting the maximum 
temperature difference between newly cast concrete and old concrete or ambient environment. 
Temperature criteria are often unreliable as they reflect only a fraction of the influencing factors, 
and an important reason for this uncertainty is that the zero-stress temperature is usually 
different over the cross-section of a member. Especially for large massive structures where
Chapter 1 Introduction 
 2
 stresses are built up during the heating period the temperature criteria have shown some 
limitations, and therefore a more accurate analysis of the stress development at early age is 
needed. (Springenschmidt, R. et al., 1994) 
 
Early age cracking has been subject of extensive research in last decades. In recent years, more 
realistic insights have been gained through various research efforts in related fields, as for 
example, thermal cracking in concrete at early age by RILEM proceeding 25 and early age 
cracking in cementitious systems by RILEM technical committee TC 181-EAS. On the other 
hand, the even-growing number of application of high-strength concrete and massive concrete 
structures makes essential to establish comprehensive methodology to prevent cracking of early 
age concrete. 
 
The amount of stress generated by thermal dilation and autogenous shrinkage in a given time 
interval depends on the degree of restraint which is imposed by the surrounding structures, the 
development of mechanical properties, especially elastic modulus and tensile strength, and the 
creep/relaxation properties of the concrete at early age. Making reliable cracking risk assessment 
involves experimental testing and advanced modeling of the time and temperature dependent 
behavior of the properties mentioned above, the restraint conditions of the structure as well as 
the external environmental conditions. The cracking risk at given time is determined by 
comparing the (measured or calculated) maximum tensile stress or strains in concrete structure 
to the tensile strength or ultimate tensile strain of concrete at that time. 
 
1.2.Objective and scope of research 
 
The present PhD project is a part of the Norwegian project NOR-CRACK, which was 
financially supported by the Research Council of Norway and the concrete industry. The main 
objective of the present work is to provide new and extend the existing knowledge of material 
properties, especially thermal dilation, autogenous shrinkage, mechanical properties and 
viscoelastic behavior, of high performance concrete at early age and their contribution to the 
generation of self-induced stresses in structures during hardening. Furthermore to provide better 
understanding and better prediction of temperature, strain and stress development in concrete 
structures at early age in engineering practice, and to improve the applicability and reliability of 
advanced curing technology in design and production of concrete structures. 
 
The main scope is defined as follows: 
 
• To review the existing knowledge of material properties of high strength/performance 
concrete at early age in the literature 
• To further develop material models and determine model-parameters for early age concrete 
behavior by taking the temperature effects into account, and to clarify the viscoelastic 
behavior of early age concrete in compression and tension and their influence on self-
induced stresses 
• To perform comprehensive experimental programs to investigate the influence of mineral 
additives such as fly ash and blast furnace slag on the development of material properties of 
young concrete, and the viscoelastic behavior of concrete in compression and tension at 
early age 
• To conduct a transient thermal creep test in the updated Temperature-Stress Test Machine 
(TSTM), and study the influence of temperature variation on the creep behavior 
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• To simulate the temperature and strain development in field tests, and to examine to what 
extent the different parameters affect the calculation results 
• To determine the early age cracking risk of a structural element in the Bjørvika submerged 
tunnel, and to evaluate the cracking risk of several types of concretes with different mineral 
additives 
 
1.3.Organization of the thesis 
 
The doctoral thesis is organized in eight chapters. It starts with an introductory chapter, where 
the background of the problem concerning cracking in hardening concrete structure is described. 
The objective and scope are given, together with its significance to engineering practice. 
 
In chapter 2, the main features of young concrete behavior are described. The driving forces 
generating self-induced stresses in concrete structure at early age are discussed, and the 
development of material properties in the hardening phase is briefly described. Experimental 
results from the literature on the viscoelastic behavior of young concrete in compression and 
tension are presented and the main factors influencing creep/relaxation properties at early age 
are discussed.  The material models and numerical solution used to assess the cracking risk of 
early age concrete are also briefly discussed. 
 
In chapter 3, the comprehensive experimental programs to investigate the viscoelastic property 
in compression and tension of young concretes containing mineral additives are presented. The 
test apparatus for thermal and mechanical properties as well as for viscoelastic properties 
(tensile and compressive creep rig) are briefly described. The test equipment for restraint stress 
development (TSTM) and free deformation (dilation rig) under realistic temperature histories is 
also presented and the test procedure of transient thermal creep in the updated TSTM is 
discussed in detail. In addition, the field test of a “double-wall” structure carried out in 2004 is 
described.  
 
In chapter 4, the material models and the numerical solution used in the finite element analysis 
are described. The most commonly used models for material properties of young concrete such 
as hydration heat, elastic modulus, tensile strength, are briefly described, and the modeling of 
viscoelastic behavior are discussed in detail. The relatively simple approach used in the present 
study is introduced and it is described how the temperature effect on the creep/relaxation 
property is taken into account in the creep model. The solution method for 1-D analysis of 
restraint stress development in TSTM is given briefly, and furthermore mathematical 
formulations governing temperature and stress development and their numerical solution in 3-D 
finite element analysis of hardening concrete structures are presented. 
 
In chapter 5, the results of the experimental program involving thermal properties, mechanical 
properties, viscoelastic properties in compression and tension, transient thermal creep behavior 
and restraint stress measurements in TSTM are presented. The influence of mineral additives on 
the material properties (mainly thermal, mechanical and viscoelastic) is discussed and the 
viscoelastic behavior in compression and tension is compared for each concrete. A simple model 
is applied to fit the creep data in compression or tension under 20ºC and sealed conditions. The 
modeling of viscoelastic behavior under realistic temperature histories is then discussed by 
taking the temperature effect into account through the maturity concept. The creep parameters in 
compression and/or tension are implemented in the restraint stress analysis of the TSTM, and 
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their influence on the prediction of self-induced stress in TSTM is further discussed. The 
relative importance of transient thermal creep in the prediction of cracking risk of early age 
concrete is discussed based on the test results. 
 
In chapter 6, numerical analysis of the field test and the parameter study are presented. The 
well-documented material models are used in the finite element program Diana to simulate the 
temperature, stress and strain development in the field test of the wall structure. The influence of 
parameters such as hydration heat, autogenous shrinkage and creep properties on the stress 
development is further investigated. 
 
In chapter 7, the advanced curing technology is applied in the design phase of Bjørvika 
submerged tunnel to evaluate the crack risk, and to provide valuable information on the cracking 
risk for several types of concretes. The concrete with high content of fly ash showed lowest 
cracking sensitivity in the analysis. 
 
Finally, in chapter 8, the summary and conclusion are given together with suggestions for 
further research. 
  5
 
2. Literature study 
 
2.1.Introduction 
 
Immediately after mixing concrete behaves as a liquid, and within the first hours stiffening takes 
place due to cement hydration, then a matrix termed the cement gel is formed and the material 
properties develop. During the hydration process the chemical reactions between water and 
cement particles liberate heat and consume water, and chemical shrinkage occur due to a 
reduction of the volume of the reaction products compared to the reactants, it leads to self-
desiccation in high performance concrete with low water/cement ratio. The thermal dilation and 
the autogenous deformation caused by the self-desiccation are the two main causes of the 
volume changes in early age concrete. No stress is generated if the concrete is free to expand 
and contract. However, a newly cast concrete element is always restrained to some degree, 
either externally by adjoining structures or internally due to steel reinforcement or temperature 
profiles. Therefore stresses are built up and normally compressive stresses develop in the first 
hours during the heating period and they are turned to tensile stresses in the following cooling 
period. The typical situation appearing in a newly cast concrete structure is shown in Figure 2-1 
for specimen tested in the Temperature Stress Testing Machine (TSTM). 
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Figure 2-1 Temperature and stress development of concrete specimen in TSTM 
 
The stresses that cause cracking of early age concrete are, in case of absence of external loading, 
induced by the restraint of deformation. It is usually difficult but essential to evaluate the 
effective level of restraint, which depends on the ratio between the local stiffness of the concrete 
and that of the surrounding concrete or adjoining structure elements. The restraint level is a key 
factor for predicting crack initiation in early age concrete. The creep/relaxation properties 
reduce a given stress increment over time. During hardening the different parts of concrete 
structure experience compressive and tensile stresses in different periods. And in the present 
study, the creep/relaxation properties in compression and tension are investigated. This is an 
area in which there is clearly a lack of knowledge today. 
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Mineral additives such as silica fume (SF), blast furnace slag (BFS) and fly ash (FA) have been 
used extensively in production of High Performance Concrete in the last decades. It is well 
known that replacement of cement with pozzolanic materials such as FA and BFS can 
significantly reduce the hydration heat. Most previous research on the influence of mineral 
additives had been focus on the mechanical properties such as compressive strength, tensile 
strength and elastic modulus, whereas the visco-elastic behavior of young concrete containing 
mineral additives is covered only to a small extent, which is unsatisfactory since it is important 
regarding the stress development in the hardening phase. 
 
2.2.Mechanisms and driving force 
2.2.1. Volume change 
 
Restraint stress which arises in early age concrete is mainly associated with three types of 
deformation: autogenous deformation, thermal dilation, and drying shrinkage. Drying shrinkage 
is well accepted as being a volume deformation induced by evaporation of water from concrete 
to the surrounding atmosphere, and is therefore negligible in sealed condition for the large cross 
section in the early ages. 
 
The concrete goes through a natural heating-cooling cycle during the first few days in realistic 
cases, and the total deformation, i.e. the sum of thermal dilation (TD) and autogenous 
deformation (AD), is easily and accurately measured in the laboratory for given temperature 
history. However the result is only valid for that particular temperature history and it is difficult 
to evaluate the relative importance of the two parts because they always occur simultaneously. 
From the structural analysis point of view, this is unsatisfactory because a stress calculation 
procedure applicable to any temperature development requires a general model for each 
mechanism to avoid too many costly and time-consuming experiments (Bjøntegaard, 1999). At 
present there are no generally accepted models for TD and AD under realistic temperature 
histories. Determination of TD depends on the assumptions that are made about AD and vice 
versa.  
                                 ADTDtot εεε +=                                Equation Section 2                  (2.1) 
                                  TTTD Δ⋅=αε                                                                                            (2.2) 
        totε is the total deformation, TDε is the thermal dilation, ADε  is the autogenous deformation,  
        Tα  is the coefficient of thermal expansion (CTE) and TΔ  is the temperature change. 
 
The following two strategies are often used to separate AD and TD during variable temperature: 
1) AD is directly measured at 20 ºC isothermal conditions, and then it is transferred to AD 
under realistic temperature by using the maturity concept, which thereby makes it 
possible to calculate TD. (Emborg M., 1989) (Hedlund, 2000) 
2) Another strategy is to assume that the coefficient of thermal expansion (CTE) is constant 
and makes it possible to calculate AD. (Tazawa et al., 1977) (Dilgner et al, 1996) 
 
Both of the above methods are regarded as rough approximations. For the first approach, the use 
of simple maturity transformation on AD between different isothermal temperatures and realistic 
temperatures has been found to be questionable (Bjøntegaard, 1999), and it is discussed in detail 
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in the following section. For the second one, several experimental results showed that the CTE 
of concrete varies during the hydration process. (Bjøntegaard, 1999) 
 
Bjøntegaard (1999) proposed a test method to measure CTE of early age concrete directly by 
superimposing “saw-toothed” temperatures for some hours following the background realistic 
temperature regime closely. A model is used to describe the development of CTE: 
                ( ) ( ) ( ) ( )0 28 0
0
28exp 1
CTEn
e CTE
e
CTE t CTE t CTE t CTE t s
t t
⎧ ⎫⎡ ⎤⎛ ⎞⎪ ⎪= + − −⎡ ⎤ ⎢ ⎥⎜ ⎟⎨ ⎬⎣ ⎦ ⎜ ⎟−⎢ ⎥⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭
i i            (2.3) 
Where et  is the equivalent time, ( )0CTE t  and ( )28CTE t  are the calculated CTE at t0 and 28 
days, CTEs  and CTEn  are model parameters which can be determined by fitting the curve to the 
directly measured CTEs. 
 
In the present study, the test method proposed by Bjøntegaard (1999) is applied to separate the 
TD and AD during the hardening phase. In the standard procedure of the test, the TSTM and the 
Dilation Rig run in parallel to produce “compatible data” for re-calculations of the restraint 
stress development measured from the TSTM. The Dilation Rig is run with a “saw-toothed” 
temperature history, and the parameters of the CTE model are determined by the directly 
measured CTEs. The total deformation in the TSTM is then separated into thermal dilation and 
autogenous shrinkage. 
 
2.2.1.1. Autogenous shrinkage 
 
ACI 116R defines autogenous deformation as “change in volume produced by the continued 
hydration of cement, exclusive of the effects of applied load and change in either thermal 
condition or moisture content. Autogenous deformation is a consequence of chemical shrinkage: 
the absolute volume of hydration products is less than the total volume of the reactants (cement 
and water). The volumetric balance shows a deficit of the order of 10% of the volume of the 
hydrates formed. Once the solid skeleton is formed, chemical shrinkage results in the formation 
of pores in hydrating paste structure, in the absence of external source of water hydration 
reactions continue through the consumption of capillary water. Successive emptying of the pore 
structure is essentially a self-desiccation process. According to the Kelvin equation, self-
desiccation gradually increases the tensile stresses in the pore water through the formation of 
menisci. The effect of the capillary tension on the matrix clearly prevails over the other 
mechanical effects, and is therefore in fact the origin of autogenous shrinkage. The extent of 
self-desiccation is related to the changes in the internal relative humidity, and the build-up of 
internal capillary stress results in a contraction of the hardening concrete. 
 
Autogenous shrinkage depends mainly on the water/binder ratio and on the mineral composition 
of the binder. The w/b ratio effect is very clear – autogenous deformation increases with 
decreasing w/b ratio (Tazawa, 1997) (Toma et al, 1999) (Schieβl, 2000). Autogenous shrinkage 
remains less than 100 µm/m in concrete of which the w/c ratio is greater than 0.45, but it 
increases quickly when this ratio falls below 0.40, as shown in Figure 2-2. This is simply an 
effect of pore size: the tension stresses in the liquid phase vary inversely with the pore size at 
interface with the gaseous phase. High-strength concretes with low water-cement ratio (w/c) are 
prone to significant autogenous shrinkage. For example, Bjøntegaard (2001) reported that 
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autogenous deformation of super-high performance concretes (w/b=0.23 and 20% silica fume) 
containing 32 l/m3 superplasticizer reaches 800 µm/m at 1 day after setting. 
 
 
Figure 2-2 Influence of w/b ratio on autogenous shrinkage of concrete (20ºC isothermal 
curing) (Schieβl, 2000). 
 
The effect of mineral additives such as silica fume, fly ash and blast furnace slag on autogenous 
shrinkage of early age concrete was investigated by several researchers under isothermal 
condition (Tazawa, 1995, 1997) (Schieβl, 2000) (Brooks, 1998) (Lura, 2001, 2002) 
(Bjøntegaard, 1999). 
 
In general, it is concluded that silica fume increases autogenous shrinkage in young concrete, as 
shown in Figure 2-3. Silica fume acts as pure pozzolan due to its high activity and high content 
of amorphous silica. The product (C-H-S) of pozzolanic reaction between silica fume and 
calcium hydroxide has the refinement effect on the pore system in the matrix. 
 
 
Figure 2-3 Autogenous deformation for concrete with 0, 5, 10 and 15% silica fume  
                   at 20ºC isothermal curing, t0=11 hours. (Bjøntegaard, 1999) 
 
As shown in Figure 2-4, the replacement of cement by fly ash generally reduces the autogenous 
shrinkage of young concrete, and the higher the fly ash content, the lower the autogenous 
shrinkage is. The fineness of fly ash also has significant influence on the autogenous shrinkage. 
The lower the fineness of fly ash, the more the autogenous shrinkage is reduced. (Schieβl, 2001) 
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Figure 2-4 Effect of fly ash content on autogenous shrinkage of concrete (20ºC isothermal 
curing) (Schieβl, 2001) 
 
The investigation of Tazawa (1997), as shown in Figure 2-5, indicated that the fineness of BFS 
has a significant effect on the development of autogenous shrinkage because the activity of BFS 
mainly depends on its fineness. In low fineness case, the fineness of BFS is less than that of 
ordinary Portland cement (OPC, 3520 cm2/g), and the BFS cement paste shows lower 
autogenous shrinkage compared to the OPC cement paste. But, in the case with higher fineness, 
the higher reactivity of BFS leads to higher autogenous shrinkage. 
 
 
Figure 2-5 Influence of BFS on autogenous shrinkage of cement paste at 120d (Tazawa, 
1997) 
 
The effect of different isothermal curing temperature on the development of autogenous 
shrinkage was investigated by Bjøntegaard (1999) and Lura et al. (2001, 2002). Bjøntegaard 
(1999) measured the development of AD for a concrete (“basic 5”, w/b=0.4 and 5% silica fume 
by weight of cement) under four isothermal curing temperature (5, 13, 20, 45ºC). The AD 
developments are shown in Figure 2-6. The t0 is defined as the time when the stresses start to 
develop in the TSTM. Lura et al. (2001, 2002) measured the development of AD under four 
isothermal curing temperature (10, 20, 30, 40ºC) for Portland cement (CEM I 52.5 R) and BFS 
cement (CEM III/B 42.5 LH HS) concretes with w/b ratio of 0.35 and 5% silica fume by weight 
of binder. The AD developments for mixture A (Portland cement), and B (BFS cement) under 
four curing temperatures are shown in Figure 2-7. The both results shown that the effect of 
different isothermal curing temperature on the development of AD is unsystematic, and it seem 
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that higher temperature do not necessarily lead to higher deformation rates, and then the use of 
maturity transformation to predict AD under different isothermal temperature is questionable. 
 
 
a) the first week   b) 1 month 
Figure 2-6 Autogenous shrinkage of “Basic 5” concrete under 5, 13, 20, and 45ºC 
isothermal tests, the results zeroed at t0 (Bjøntegaard, 1999) 
 
Figure 2-7 Autogenous deformation of mixture A, and B cured at 10, 20, 30, and 40ºC, AD 
was zeroed at t0. (Lura, 2001) 
 
Autogenous shrinkage under realistic temperature histories was studied by Bjøntegaard (1999). 
The CTE of the early age concrete is directly measured by imposing “saw-toothed” temperatures 
histories, and the AD under such temperature histories is then deduced by subtracting the TD 
from measured total deformation in each step. The step-wised temperatures and calculated AD 
for a concrete (“basic 5”, w/b=0.4) are shown in Figure 2-8. The behavior of the AD depends 
strongly on the imposed temperature regime, and the AD has shown to be reduced during 
cooling in the realistic temperature tests ending up in autogenous expansion after 3 days for the 
temperature histories with 62 ºC maximum temperature. The attempt to generalize the behavior 
of AD for this concrete based on isothermal tests was therefore impossible as the behavior of 
AD is changed fundamentally when the concrete is subjected to the heating/cooling, especially 
the maximum temperature over about 50 ºC. 
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Figure 2-8 The imposed saw-toothed temperature histories and calculated AD of “Basic 5” 
concrete, AD are zeroed at t0=11h (Bjøntegaard, 1999) 
 
Bjøntegaard (1999) investigated the influence of silica fume on the cracking risk of concrete 
structure, and the free deformations of concretes containing different percentage of silica fume 
are measured under realistic temperature history, and the deduced AD is shown in Figure 2-9, 
and the increase of silica fume content results in higher AD under similar temperature history. 
 
  
a) Imposed temperature b) Autogenous deformations are zeroed at t0 
Figure 2-9 Deduced autogenous deformation during realistic temperature tests 
(Bjøntegaard, 1999) 
 
Autogenous shrinkage of concretes containing different percentage of mineral additives, such as 
BFS, and FA, under realistic temperature histories was studied by Bjøntegaard (2003) for Nor-
Crack project, and the results are presented in Chapter 5.     
 
2.2.1.2. Thermal dilation 
 
The thermal dilation is induced by the temperature rise caused by hydration reactions and is 
proportional to the coefficient of thermal dilation (CTE). The thermal dilation is in most cases 
the most important factor when it comes to build up of restraint stresses in concrete structures at 
early ages, and it is therefore somewhat surprising that relatively little experimental data is 
available on the development of the CTE during the hardening phase.  
 
Chapter 2 Literature study 
 12
Bjøntegaard (1999) measured CTE of early age concrete directly by superimposing saw-toothed 
temperature step following the realistic temperature history. The experiments were carried out 
on Norcem Anleggsement (CEM I-52.5 LA) concrete (Basic 5) with w/b ratio of 0.40 in 3 series 
- all with initial temperature of 20ºC, see Figure 2-10 a): A saw-toothed isothermal series (20-
series) where temperature steps of either 6ºC or 2ºC were superimposed on 20ºC constant 
temperature, and two realistic temperature series (47- and 60-series) where temperature steps of 
different amplitudes were superimposed on the realistic temperature development. A systematic 
observation in Figure 2-10 b) is that the CTEs of the three series drop from a high value (about 
20×10-6/ºC) to a minimum value (about 7×10-6/ºC) around the final setting, and thereafter 
gradually increase with a rate which depends on the temperature history. The reduction is due to 
the fact that at the early age stages the free water is continuous while as the setting is 
approached a solid skeleton is being built up and disrupts this continuity. After setting, self-
desiccation (reduction of the degree of capillary saturation, DCS) causes an increase in the 
thermal dilation coefficient. Based on the test data, a CTE model, given in equation (2-3), is 
proposed by Bjøntegaard (2003) to describe the development of CTE during hardening phase.  
 
  
Figure 2-10 a) Imposed saw-toothed temperature histories including series with 20, 47, and 
60ºC maximum temperature, b) deduced coefficient of thermal expansion (CTE).   
(Bjøntegaard, 1999) 
 
After several weeks sealed curing the CTE of the same concrete was measured again after 
immersing the specimen in water, and results shown in Figure 2-11 indicate that the 
development of CTE in hardening concrete is dependent on the moisture state. The CTEs were 
reduced to a minimum around the final setting, and thereafter they increased gradually. When 
the concrete is immersed in water a few weeks later, by re-saturating the pore system the CTE 
was immediately reduced to a level which is close to the observed minimum occurring at about 
the setting time. Bjøntegaard (1999, 2001) 
 
The moisture state clearly influences not only the autogenous shrinkage but also the thermal 
dilation, and control of the moisture content at a given time may significant reduce the volume 
change during hardening phase. In this regard, two important benefits will be obtained by 
supplying an internal water source during curing such as part replacement of natural aggregate 
with light weight aggregate: the autogenous deformation is reduced or eliminated due to a lower 
self-desiccation and CTE is minimized due to a wet state. 
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Figure 2-11 Effect of the degree of capillary saturation (DCS) on CTE, concrete with 
w/b=0.4 and 5% silica fume.  (Bjøntegaard, 2001) 
 
Bjøntegaard (1999, 2003, and 2004) also measured the CTEs of concretes containing different 
percentage of BFS or FA for Nor-Crack project, and the results are discussed in chapter 5. 
2.3. Thermal and mechanical properties of early age concrete 
  
The accuracy of numerical analysis of strain and restraint stress development in concrete 
structures at early age depends primarily on how accurately the required material properties are 
described. In additional to the volume changes, the main material properties are the thermal 
properties and the mechanical properties. 
2.3.1. Thermal properties 
 
The thermal properties are the thermal conductivity, k , the specific heat capacity, c , and the 
heat of hydration. The hydration heat depends on the chemical composition of the cement – it 
increases with the C3S and C3A content – and on the fineness of grinding.  
 
Mineral additives, such as SF, BFS, and FA, have significant influence on the heat of hydration. 
Increasing percentage of BFS or FA content reduces amount of heat of hydration significantly. 
As shown in Figure 2-12, when the 50% of OPC is replaced by slag, the heat of hydration is 
decreased by 28% and the maximum temperature rise is reduced from 24 ºC to 16 ºC. (Thomas, 
1994)  
 
Figure 2-12 Heat of hydration- calorimetry tests on cement paste and temperature rise of  
                   concrete cylinders (Thomas, 1994)  
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The heat of hydration can be determined by either isothermal or adiabatic calorimetry both of 
which can only be performed by using advanced, expensive equipment. As an alternative, semi-
adiabatic calorimeter is used at NTNU, and this simple, easily achievable type of equipment 
produces the same type of information with an acceptable accuracy and lower cost. The 
hydration heat and adiabatic temperatures of concretes containing different percentage of 
mineral additives, such as BFS, and FA are measured or deduced in present study.    
 
2.3.2. Mechanical properties 
 
The most important mechanical properties in analysis of young concrete are modulus of 
elasticity E , tensile strength tf , ultimate strain capacity ultε , and the viscoelastic behavior, and 
all these properties develop rapidly during the first few days as the cement (and pozzolanic) 
reactions proceeds. The relative development of E-modulus, compressive and tensile strength of 
a concrete (w/b=0.4, 5% silica fume) is shown in Figure 2-13, and at very early age (<48 h) the 
E-modulus develops at highest rate, and the compressive strength develops at lowest rate. The 
development of the tensile strength is very important in early age cracking evaluation, and 
higher rate of development (<48 hours) is beneficial to the prevention of cracking. The relative 
development of the E-modulus, compressive and tensile strength of concretes containing 
different percentage of mineral additives, such as BSF and FA, is investigated in the present 
study, and is discussed in chapter 5.  
 
 
Figure 2-13 Relative developments of E-modulus, compressive and tensile strength 
(Kanstad, 1999) 
 
The influence of temperature on strength growth is discussed in many investigations. High 
curing temperature may lead to a lower final strength. The extent to which elevated temperatures 
influence the mechanical properties of concrete depends on the concrete composition, the 
moisture state and the drying conditions of the concrete. In particular, it has been found that 
HPC is less sensitive to the negative effects of elevated curing temperatures than normal 
strength concrete. The developments of E-modulus of a HPC (w/b=0.4, 5% SF) under 
isothermal and realistic temperature histories are shown in Figure 2-14, and the model based on 
the maturity concept gives good agreement with the test data.  (Kanstad, 2003) In present study, 
the temperature effect on the E-modulus and strength development is taken into account by 
using the maturity concept.  
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Figure 2-14 Development of E-modulus vs. maturity for different temperature histories  
(Kanstad, 1999)  
 
When Portland cement is partially replaced by FA or BFS, the rate of strength development is 
retarded at early age, but the ability of mineral additive to react at normal temperature with 
calcium hydroxide present in the hydrated Portland cement paste and to form additional calcium 
silicate hydrate (C-S-H) can lead to significant reduction in porosity of both the matrix and the 
transition zone. Consequently, considerable improvements in ultimate strength and water 
tightness can be achieved by incorporation of mineral additives in concrete. Silica fume 
generally improves the mechanical and durability properties of concrete. 
 
 
 
Figure 2-15 Compressive strength development of blended Portland cement containing a 
pozzolan or a blast furnace slag (Mehta P.K., 1993) 
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Rostasy (2000) investigated the mechanical properties of specimens cast in the laboratory and 
specimens extracted from real structure with similar temperature curing history for early age 
concrete. The following relations between in situ effective values and laboratory test values 
were found: 
                                  ctcte ff 75.0≈                       (Tensile strength) 
                                   cce ff 85.0≈                       (Compressive strength) 
                                   cce EE ≈                             (E-modulus) 
Where ctef , cef , and ceE are the in situ effective values, and  ctf , cf , and cE  are the laboratory 
test values.  
 
In the present study, the crack-index, defined as the ratio between tensile stress ( ( )tσ ) and 
tensile strength ( ( )f t ), is used to assess whether or not cracking will occur in the concrete 
element, and several studies indicated that cracking occurs at a ratio in the range between 50% 
and 75%.    
 
2.4. Viscoelastic behavior of early age concrete 
 
Due to relaxation, restraint stresses induced by thermal dilation and autogenous shrinkage can 
be significantly reduced. In many cases a reduction of restraint stresses by 30-40% due to stress 
relaxation in hardening concrete has been reported. (Bosnjak, 2001, Schutter, 2004, Atrushi, 
2003) 
 
2.4.1. Factors affecting the creep and relaxation properties 
 
Creep of the concrete depends on many factors, intrinsic and external, and the intrinsic factors 
represent the material characteristic which are dictated by the concrete mixture, and the external 
ones are those, which can vary after casting, such as the temperature and moisture conditions, 
age of loading, load duration, type of loading (tension or compression), level of loading etc.. 
Creep of hardening concrete is an even more complicated issue due to the effect of varying 
temperature and humidity content. In many investigations, the influence of the following factors 
on the creep/relaxation properties of the early age concrete is investigated: 
• Age of loading 
• Water/binder ratio 
• The linearity of applied stress and induced strain under different load/strength ratio 
• The temperature history prior to loading and the temperature development during and 
after loading 
 
High creep at early loading age, the influence of the temperature and humidity content on the 
creep and creep under tensile stress are some of the most relevant aspects for cracking risk 
assessment in young concrete. A relatively small numbers of tests that investigated these aspects 
were reported in literatures. And within the present study, the focus is mainly on the influence of 
the following three factors on the creep property of early age concrete: 
• Type of load (tension or compression) 
• Replacement of amount of cement with mineral additives, such as FA and BFS 
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• Temperature variation during the hardening process, including the influence of different 
isothermal temperature, and transient thermal creep induced by elevated temperature 
 
2.4.2. Experimental data on creep/relaxation of early age concrete 
2.4.2.1. Creep and relaxation properties under compression 
 
Compressive creep has been studied by a large number of researchers, and large amount of 
experimental data was available in the literatures. (Nevile et. 1983) Only some of the 
investigations are referenced here. Westman (1995) performed compressive creep tests of high 
performance concrete (w/b=0.3, SF/C=0.05) and normal concrete (w/b=0.4, SF/C=0.05) at 
loading age from 13 hrs to 7 days under 20ºC temperature. The results indicated that high creep 
appears at very early age, and then turns into a stiffer response. As shown in Figure 2-16, the 
HPC exhibits higher creep compliance than the normal concrete at very early age (<2 days). 
 
  
Figure 2-16 Creep test results of HPC (Mix No 1) and normal concrete (Mix No 3) 
(Westman, 1995) 
 
Schutter (1996, 2000, 2002) conducted compressive creep tests for blast furnace slag concrete 
(CEM III/B 32.5) with w/c ratio of 0.5 under 20ºC and sealed condition, the test results were 
shown in Figure 2-17. The loading age varied from 12 hrs to 14 days, and the stress/strength 
ratio at loading was 20% and 40% respectively. The test results indicated a high nonlinearity of 
creep at early age, and based on the experimental results a basic creep model was developed for 
hardening concrete with the evolution of the degree of hydration as the main parameter.  
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Figure 2-17 Creep strain versus degree of hydration at different loading age/stress level 
(Schutter, 2000) 
   
Another problem is the increase of creep due to temperature change, regardless of cooling and 
heating, so-called transitional thermal creep. The phenomenon was discovered by Hansen and 
Erikson in 1966, but Illston and Sanders (1973) were first to report it in details, and called it 
“transitional thermal creep”. Hauggaard (1997, 1999) carried out two experiments to investigate 
the temperature influence on creep properties in compression at early age, the imposed 
temperature histories and the measured strains were shown in Figure 2-18. The concrete had w/b 
ratio of 0.38. The first specimen was loaded 12 h after mixing with 1.5 MPa corresponding to 
24% of the compressive strength at that time. The second specimen was loaded 16 h after 
mixing with 2.9 MPa corresponding to 29% of the compressive strength. One dummy followed 
each loaded specimen to compensate for shrinkage and thermal deformation. The measured 
temperature history in the center of the specimens and the elastic plus creep strain are showed in 
Figure 2-18. The elastic modulus at loading is 35×103 and 40×103 MPa for 20 ºC and 40 ºC 
series respectively. Due to the different maturity age at loading, and different temperature 
development after loading as well as different magnitude of load applied on the specimens, it is 
difficult to directly evaluate the temperature effect from total strain shown in Figure 2-18. The 
estimated compliance function (elastic plus creep strain/stress) for two cases still shows that the 
temperature have certain influence on the creep properties at early age, and the creep strain is 
increased due to the temperature change during load duration in the 40 ºC series.  
 
 
Figure 2-18  Development of temperature and creep of concrete subjected to thermal 
gradients (Hauggaard, 1997) 
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Concluding marks 
• Loading age 
The compliance function in compression is sensitive to the age of loading, and the earlier the 
loading is, the higher the compliance function 
• Stress level 
The linearity between compressive creep strain and stress is valid up to 60% of the 
compressive strength. (Nevile et. 1983) But nonlinearity of the creep at early age is reported 
by Schutter (2000). Due to the fact that the compressive stress level in hardening concrete is 
normally very low, the compressive creep can be regarded as linear. 
• Temperature 
Generally, the changes of the properties in early age concrete are assumed to be governed by 
the hydration process. High temperature accelerates the hydration reactions and the increase 
of the maturity age of the concrete at loading, which reduces the rate of creep, but at the 
same time, the high thermal activation reduces the viscosity, and this results in an increase of 
creep rate. Usually the latter prevails and then the overall effect of temperature rise is an 
increase in creep.  
 
2.4.2.2. Creep and relaxation properties under tension 
 
Contrary to creep in compression, the available experimental data on the tensile creep of early 
age concrete are limited. The difficulties related to the accurate measurement of creep properties 
in tension partly explains why little attention has paid to tensile creep. The capacity of concrete 
to deform in tension, especially its creep potential, could help to prevent shrinkage or/and 
temperature induced cracking, and thus improve the durability of concrete structure, and an 
increasing amount of research has recently focused on this issue. 
 
Bissonnette and Pigeon (1995) carried out tensile creep tests under drying and sealed conditions 
to investigate the viscoelastic behavior of repair concrete under 20 ºC temperature. The 
influence of most basic parameters was studied: w/c ratio (0.35 and 0.55), the type of cement 
(normal Portland cement and silica fume cement), and the age of loading (1 and 7 day). The test 
results indicated that the tensile creep increases significantly with the w/c ratio, decreases with 
the age of loading. Silica fume seems to enhance creep as well as drying shrinkage, but the 
effect is relatively small.  
 
Hauggaard (1997) studied non-linearity of creep in tension for a concrete with w/b ratio of 0.38 
under 20 ºC temperature condition. The loading history and measured elastic plus creep strain, 
which are the raw data compensated for shrinkage and thermal deformations, are presented in 
Figure 2-19. The results indicated that the response is linear below a stress/strength ratio of 60%, 
while non-linearity appears in the interval 0.6 to 0.8 times the tensile strength.   
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        Figure 2-19 load history and measured creep in tension (Hauggaard, 1997) 
 
Atrushi (2003) also investigated the non-linearity in tensile creep, and tensile creep tests were 
performed for high-performance concrete with w/b ratio of 0.40 at age of 3 days and five initial 
stress/strength levels 0.2, 0.3, 0.4, 0.6, 0.7 and 0.8 under 20 ºC temperature. The results 
indicated that the creep response is proportional to initial stress/strength level up to about 70% 
as shown in Figure 2-20.   
 
Figure 2-20 load histories with the initial stress/strength ratio and compliance function 
(Atrushi, 2003) 
 
Altoubat et al. (2001) performed a so-called Discretized Restrained Shrinkage (DRS) test to 
investigate the tensile creep and shrinkage behavior of normal and high performance concrete at 
early age. In usual experimental tests, sealed concrete is used to measure basic creep, but sealing 
will not eliminate internal drying (self-desiccation) during early age. Especially for concrete 
with low w/c ratio, the measured creep of sealed specimen will include interaction with 
autogenous shrinkage. In the experimental program performed by Altoubat et al., tensile creep 
and shrinkage were measured under three different curing conditions: moist-cover (specimens 
constantly surround with wet cover), sealed and drying. The drying creep mechanisms (Pickett 
effect) are separated into two components: stress-induced shrinkage and microcraking. Testing 
concrete under moist-cover condition gives basic creep because the early-age autogenous 
shrinkage is eliminated; and tests under sealed condition provide data of basic creep and stress-
induced shrinkage, while testing under drying condition determines the sum of basic creep, 
stress-induced shrinkage and microcracking. The test results were shown in Figure 2-21, and 
Altoubat et al. revealed that both internal and external drying play a significant role. The free 
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shrinkage of normal concrete and HPC in the first days after casting is significant, and may 
induce high tensile stresses that fractures the concrete samples. The tensile creep is a very 
significant phenomenon which plays an important role in reducing the stress due to restrained 
shrinkage. The results also indicated that the stress induced shrinkage is a major mechanism of 
the Pickett effect.  
 
The test procedure used by Altoubat et al. depends on the effectiveness of the moist-cover 
curing in suppressing the autogenous shrinkage. Two other important things must be taken into 
account when comparison of the test results from Altoubat et al. with other creep data in the 
literatures. The first one is the curing condition in measuring of basic creep. Altoubat et al. 
measured the basic creep under moist-cover curing, and most of the basic creep data in the 
literatures were measured under sealed condition. The second one is that creep strain measured 
in the Discretized Restrained Shrinkage (DRS) test is under the generated shrinkage stress 
condition as shown in Figure 2-21 a), and is not under constant loading condition as the 
conventional creep tests.  
  
  
Figure 2-21 a) shrinkage stress     b) Creep and shrinkage under different curing condition 
(Altoubat et al., 2001)   
 
Østergaard et al. (2001) conducted basic tensile creep tests for early age concrete under constant 
load, 20 ºC temperature and water curing condition (supposed to eliminate the autogenous 
shrinkage). The experiments investigated the influence of age at loading (0.67, 1, 3 and 5 days), 
initial stress/strength ratio (25% and 45%) and w/b ratio (mix A 0.50, mix B 0.40 and mix C 
0.32) on basic creep property in tension. The results showed that concrete exhibits high tensile 
creep strain when it is loaded at an age less than 1 day. The response is far stiffer when the 
loading age is beyond 3 days as shown in Figure 2-22. The study also indicted that the creep 
response is not proportional to the applied initial stress/strength level when loading applied at 1 
day.  
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                      Figure 2-22 tension creep tests of young concrete (Østergaard, 2001) 
 
Igarashi (2001) investigated the development of restrained stresses induced by autogenous 
shrinkage in high-strength concrete at early ages. Restrained shrinkage test was performed on 
ordinary Portland cement concrete and silica fume concrete (10% binder weight) with w/b ratio 
of 0.25 under 18ºC isothermal and sealed or water-cured condition, and the effect of silica fume 
on the stress development was evaluated. It is well known that the hardened high-strength 
concrete with silica fume exhibits smaller creep deformation than the concrete without silica 
fume. (Nevile et. 1983) The lower creep potential in silica fume concrete results from the higher 
strength and the denser microstructure at the time of loading. However, test results from Igarashi 
showed that the hardening silica fume concrete exhibits a higher creep potential than the 
concrete without silica fume when loaded at very early ages. 
 
Pane and Hansen (2002) performed tensile creep tests for four types concrete, including 
ordinary Portland cement, and three mixes containing OPC plus different mineral additives: 
25% FA, 25% BFS, and 10% SF (the percentage of the weight of OPC). The w/b ratio is 0.45, 
and each mix contains 350 kg/m3 binder. Prior to testing, specimen were cured in lime-saturated 
water at room temperature (22-23 ºC), then sealed with plastic sheets to prevent the moisture 
loss during the test. The loading was applied at approximately 24, 72, 168 and 336 h after 
mixing. The elastic strain and specific creep for OPC and 25% FA concrete are shown in Figure 
2-23, and the relaxation modulus at age of 72 hours for four mixes is shown in Figure 2-24. It 
can be seen that the mineral additives such as fly ash, silica fume and blast furnace slag 
influence the creep properties at early age, the development rate of the specific creep of concrete 
with 25% FA is higher than that of OPC at very early age (<2 days), replacement of cement with 
FA can accelerate the stress relaxation and then be beneficial in reducing the risk of cracking at 
early ages. 
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Figure 2-23 Elastic strain and specific creep of OPC and 25% FA concrete (Pan and 
Hansen, 2002) 
 
 
Figure 2-24 Relaxation modulus at age of 72 hours for four (Pane and Hansen, 2002) 
 
Concluding marks 
• w/b ratio 
The tensile creep increase significantly with the increase of w/b ratio 
• Loading age 
The compliance function in tension is shown to be very sensitive to the age of loading, 
especially when the load is applied at age less than 2 days, and the earlier the loading is, the 
higher the compliance function is. 
• Stress level 
The several researches showed that the linearity between the tensile creep strain and the 
stress is valid up to 60-70% of the tensile strength 
• Composition: silica fume, BFS, and FA 
Silica fume moderately increase the creep strain of hardening concrete, and the mineral 
additives, such as FA and BFS have more pronounced influence on the creep properties, and 
significantly increase the creep strain in tension. 
 
2.4.2.3. Comparison of creep/relaxation properties in compression and tension 
 
The creep properties in compression and tension were previously considered equal to each other. 
Performing creep test in tension is in general more difficult than making compressive test, 
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especially at early ages, and the comparable experimental data of compressive and tensile creep 
for same concrete is very scarce in the literature, and the results from several researchers are not 
consistent.   
                                                                        
Hagihara et al. (2000) carried out a comprehensive study of the early age mechanical properties 
and creep behavior of high-strength concrete (100N/mm2). The compressive and tensile creep 
experiments were conducted parallel under sealed and 20 ºC temperature condition in two series. 
In the first series, concrete with w/b ratio of 0.22 was tested under different age of loading (1 or 
3 days) and different initial stress/strength ratio (20% or 40%) with the same load duration. In 
the second series, mix proportion (w/b ratio of 0.19, 0.22 and 0.25) was the test parameter. The 
test procedure of compressive and tensile creep is similar; and compliance function is the 
difference between measured strain from loaded specimen and free autogenous shrinkage from 
unloaded specimen. Due to the different magnitude of applied load, the measured strain in 
compression is far larger than the free autogenous shrinkage. However, the measured strain in 
tension is of the same order as the free autogenous shrinkage, and the calculated tensile creep 
consequently are strongly influenced by the amount of autogenous shrinkage. The test results 
shown in Figure 2-25 indicate that specific tensile creep strain (not include the elastic part) is 
about 75% of the specific compressive creep strain. The elastic strain of early age concrete is 
also important, and the E-modulus in tension is about 15% higher than the E-modulus in 
compression. 
Figure 2-25 Measured strain in loaded and unloaded specimen, specific elastic strain,  
                     and specific creep strain (Hagihara et al., 2000) 
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Gutsch (2000, 2001, and 2002) reported results of a comparative study on the compressive and 
tensile creep behavior of early age concrete with w/b ratio of 0.53. The initial stress/strength 
ratio varied between 0.5 0.9tfσ≤ ≤  in the tensile creep tests, and between 0.13 0.2cfσ≤ ≤ in 
the compressive creep tests. Both tests were performed under 20ºC and sealed conditions. The 
results of compressive creep tests are shown in Figure 2-26 together with the shaded scatter 
band of tensile creep function from about 25 creep tests. The test results revealed that the creep 
functions for compression are within the scatter band of the creep function for tension, and the 
tensile creep function is smaller than the compressive creep function at the first day after loading. 
Tensile creep tests were also performed under 20ºC, 40ºC isothermal and realistic temperature 
history as well. The test results were shown in Figure 2-27. Creep of early age concrete is 
accelerated under temperature higher than 20ºC during time under load. Based on experimental 
data a creep function model was presented taking into account the aging effect prior to loading 
and the temperature effect during loading.  
 
 
   Figure 2-26 Creep function under compression and scatter band of creep function under 
tension Gutsch (2000) 
 
Figure 2-27 Creep function for different temperature (isothermal 20ºC, 40ºC)  (Gutsch, 
2002)                 
 
Atrushi (2003) performed a comprehensive experimental program to investigate the viscoelastic 
behavior of early age concrete in both compression and tension. The compressive and tensile 
creep tests were conducted for high-performance concrete with w/b ratio of 0.40 and 5% SF of 
cement weight, and the test results, as shown in Figure 2-28, indicated that: 
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• Instantaneous deformation in tension is lower than in compression, and the elastic modulus 
in tension is about 11% higher than that in compression for the investigated concrete mixes. 
• Immediately after loading and within approximately the first 24 hrs the rate of compressive 
creep is higher than the rate of tensile creep. Afterwards, the creep rates decreases 
continually with time, but the decrease in tensile creep is much less pronounced than in 
compressive creep. This leads to a higher tensile creep than compressive creep a few days 
after loading. 
                
 
Figure 2-28 Comparison of compliance functions under compression and tension (Atrushi, 
2003) 
 
Tensile creep tests were conducted at different isothermal temperature (20, 34, 40, 57, and 60 ºC) 
for high-performance concrete with w/b ratio of 0.40 and 5% SF of cement weight (Basic-5) by 
Atrushi (2003). For the test at 34 ºC, the temperature was increased 3 hrs before loading. For the 
other test (40, 57, and 60 ºC) the temperature was increased to the desired level one day before 
loading. The imposed temperature histories and the test results were shown in Figure 2-29. An 
important observation was that the maturity takes the temperature effect well into account, and 
is good enough to use for different isothermal temperatures. Note however the results are only 
for loading ages of more than 3 days maturity. 
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Figure 2-29 Tensile creep tests at different isothermal temperature (Atrushi, 2003) 
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Morimoto et al. (1994) conducted a comparative study on stress relaxation in both compression 
and tension. Two series of relaxation tests were performed under sealed conditions. In the first 
series the effects of initial stress level (30, 60 and 80%) and loading age (1, 3, 7, 14 and 21 day) 
on compressive and tensile relaxation were investigated for a concrete with w/c ratio of 0.50. In 
the second series compressive relaxation tests were conducted at 3 different temperatures 20, 40, 
and 60ºC for concrete with w/c ratio of 0.59. In the test programs, Morimoto et al. suggested 
that due to the high w/c ratio, the autogenous shrinkage is so small and its effect on test results 
was not taken into account in all the tests. The results as shown in Figure 2-30 indicated that the 
compressive and tensile relaxations are proportional to the initial stress up to 80%, and that 
stress relaxation depends on the loading age. The tensile relaxation is much smaller and 
terminates in a shorter period than compressive relaxation as shown in Figure 2-31. The effects 
of temperature are marginal in the range of 60ºC. The last two findings are doubtful and in 
contrast to the findings in creep properties. As discussed before, the autogenous shrinkage has 
small effect on the calculated compressive creep, but has a dominate influence on the calculated 
tensile creep, the higher stress in present tensile relaxation tests is probably due to the 
autogenous shrinkage, even its magnitude is small.      
 
Figure 2-30 Compressive and tensile relaxation curve with loading age of 3 days 
(Morimoto et al., 1994) 
                          
 
Figure 2-31 Comparison of compressive and tensile relaxation with loading age of 3 days 
(Morimoto et al., 1994) 
 
2.4.2.4. Conclusion 
 
It can be seen from experimental data mentioned above, that the research results on creep data 
both in compression and tension are often not consistent, and the main reasons might be due to 
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the differences in treatment of specimen before and during test, test procedures, and 
measurement devices. But the following conclusion still can be made: 
 
¾ Creep test in compression and tension 
The test procedure of compressive and tensile creep is similar; and the compliance function 
is the difference of measured strain of loaded specimen and free deformation of a dummy 
specimen. But the influence of the autogenous shrinkage on the calculated compressive or 
tensile creep compliance is quite different. Due to the different magnitude of applied load, 
the measured strain in compression is far larger than the free autogenous shrinkage. 
However, the measured strain in tension is of the same order as the free autogenous 
shrinkage, and the calculated tensile creep consequently are strongly influenced by the 
amount of autogenous shrinkage. 
¾ Loading age 
The compliance function in both compression and tension is shown to be sensitive to the age 
of loading, and the earlier the loading is, the higher the compliance function is.  
¾ Stress level 
The linearity between the tensile creep strain and stress is valid up to 60% of the tensile 
strength, and similar results were reported on the linearity between compressive creep strain 
and stress.  
¾ Creep properties in compression and tension 
The comparison of the creep properties in compression and tension are still not clarified. 
Although the available creep data indicated that the trend of creep under compression and 
tension is similar, the experimental results of the rate and magnitude of creep development 
under compression and tension are not consistent. 
¾ Composition: silica fume, BFS, and FA 
Silica fume have moderate influence on the creep properties of early age concrete, and the 
mineral additives, such as fly ash and blast furnace slag have significant influence on the 
creep properties, and increase the creep strain in both compression and tension. 
¾ Temperature 
The creep compliance in both compression and tension are accelerated when the isothermal 
temperature is higher than 20ºC, and the influence of different isothermal temperature 
history on creep properties is normally taken into account by using maturity or hydration 
degree as the main parameters in creep model. 
 
In the present study, the influence of the last three factors on creep properties is investigated 
further through a comprehensive experimental program. 
  
2.5. Material models 
2.5.1. Hydration process and hydration heat 
 
Analytical models for simulating the cement hydration process can broadly be classified into 
three categories according to the scale at which the hydration process is defined. The first type, 
categorized as a microscopic model, can simulate point by point the random hydration of each 
chemical component constituting the cement particles. The second type, referred to as meso-
model, directly simulates the growth of cement particles as the hydration process evolves to 
form a skeleton structure of the hardened cement paste. The third type, known as macro-model, 
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considers the progress of hydration reaction as material variances without considering individual 
particle explicitly.  
 
Bentz et al. (1996) developed a method to directly represent the chemical components 
constituting the cement microstructure as image data by relating them to each image element, 
thereby to simulate the random hydration reaction occurring at each image element point by 
point, an initial 3-D image for a cement with w/c=0.4 are shown in Figure 2-32. Since this 
model allows study of the hydration process and the subsequent formation of microstructure, as 
well as representation of the growth behavior of void structure, the modeling results can also be 
used to simulate the strength development and volume change during hardening phase.  
 
 
      Figure 2-32 Portion of initial 3-D image for a cement with w/c=0.4 (Bentz et al., 1996) 
 
Van Breugel (1991) developed a meso-model to directly represent the cement particles by 
considering the random distribution of particles in various sizes. Hydration product is formed 
and expanded around larger cement particle, which then takes in smaller particles along with 
their hydration products, creates hydration clusters and consolidates them. The cross-linked 
particles represent the level of consolidation inside the cement pastes, which has close 
correlation with the development of strength and elastic modulus. The sketch of the modeling of 
cement hydration were shown in Figure 2-33 and Figure 2-34.  
 
 
            a) initial stage            b) early hydration          c) “clusters”             d) “bridge”  
                                                                                     first embedding         between clusters 
 Figure 2-33 Formation of load-bearing microstructure in hardening cement paste 
(Breugel, 1991) 
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     Figure 2-34 Meso-level of modeling of cement hydration (Lokhorst and Van Breugel, 
1997)  
 
Most empirical models are macro-model, and the hydration degree or maturity is used as 
material variances to directly describe the hydration process. The degree of hydration is the ratio 
between the amount of cement that have reacted and the amount of cement added to the concrete 
initially. Another way to characterize the progress of hydration is the maturity age. Using degree 
of hydration or maturity concept the hydration processes at different temperature histories can 
be compared. The coupled thermo-chemo-mechanical analysis of young concrete based on the 
theory of reactive porous media within thermodynamic framework was proposed by Ulm and 
Coussy (1995, 1996) and Ulm (1998), and the main features of the model are described in 
chapter 4. In the present study, the approach based on the macro scale is used to model the 
hydration heat and mechanical properties, and the hydration degree or maturity age is the main 
parameter in the analytical models discussed in the following section.  
 
• Hydration heat 
 
Isothermal or adiabatic hydration heat test is usually performed in laboratory, and then analytic 
models are used to describe the hydration heat development at various temperature regimes.  
 
For the isothermal hydration test, the rate of heat production at temperature T according to the 
same hydration degree at 20ºC reference temperature (Schutter, 1995) is given as: 
      ( ) ( ) ( )
0 max,20
0 0
1 1 1 1, exp expT
E Eq T q r q g
R T T R T T
ξ ξ⎧ ⎫ ⎧ ⎫⎛ ⎞ ⎛ ⎞⎪ ⎪ ⎪ ⎪= − − = − −⎨ ⎬ ⎨ ⎬⎜ ⎟ ⎜ ⎟⎪ ⎪ ⎪ ⎪⎝ ⎠ ⎝ ⎠⎩ ⎭ ⎩ ⎭
i i i i i                         (2.4) 
Where 
0T
q  is the heat generation rate at reference isothermal temperature 0T , max,20q is the 
maximum rate of heat production at isothermal temperature 20ºC, ( )g ξ  is the normalized heat 
production rate depending on the degree of reaction. 
 
For an adiabatic hydration test, the rate of hydration heat q  can be calculated with: 
                                                     adq Q CT= =                                                                           (2.5) 
Where adT  is the adiabatic temperature rise measured in the adiabatic test.  
The degree of hydration is also defined as the ratio of the amount of heat liberated at time t to 
the amount of heat at complete hydration, and then the development of degree of hydration in 
adiabatic test is described as: 
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                                                ( ) ( ) 0
max max 0
Q t T t T
Q T T
ξ −= = −                                                                  (2.6) 
Under a temperature regime different from that under which the adiabatic temperature adT  is 
measured, the degree of hydration ξ  can be calculated with: 
                                                   exp
et
ατξ ⎡ ⎤⎛ ⎞⎢ ⎥= −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
                                                                   (2.7) 
And then the heat of hydration is expressed in the simple three parameter equation, which is 
commonly used in engineering practice (Freiesleben, 1977): 
                                               ( ) exp
e
Q Q t Q
t
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⎛ ⎞⎛ ⎞⎜ ⎟= ⋅ = −⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
i                                                (2.8)  
The rate of the hydration degree ξ  under variable temperature regime can be calculated 
according to: 
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In the present study, the hydration heat is measured in the semi-adiabatic hydration heat tests, 
and the simple three parameter model as expressed in equation (2.8) is used to calculate the 
hydration heat.  
 
2.5.2. Mechanical properties 
 
The development of mechanical properties of the hardening concrete like compressive strength, 
E-modulus and tensile strength can be described by the degree of hydration (Schutter, 1996), 
                                      ( ) ( )
0
11
1
in
i iX X
ξξ ξ ξ
⎛ ⎞−= = ⎜ ⎟−⎝ ⎠
i                                                            (2.10) 
With ξ , degree of hydration; 0ξ , degree of hydration at transition into solid state; ( )iX ξ , 
mechanical property at α ; ( )1iX ξ =  mechanical property at 1ξ = ; in , parameter of the 
mechanical property. 
 
Kanstad (1999) used the modified version of CEB-FIP MC 1990 to describe the development of 
the compressive strength, tensile strength and modulus of elasticity, and 0t  was introduced in 
the equations to identify the start of significant mechanical properties development. This method 
is applied in the present study, and the details are discussed in Chapter 4. 
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2.5.3. Viscoelastic properties 
2.5.3.1. The theory of linear viscoelastic 
 
Linear viscoelastic behavior means that the strain is proportional to the applied stress. If the 
assumption of linearity should be applicable several restrictions must be fulfilled (Bažant, 1982): 
1) The stress is less than about 40% of the (compressive) strength  
2) The strains do not decrease in magnitude (but the stresses may) 
3) There is no significant drying during creep 
4) There is no sudden large increase of the stress magnitude after initial loading 
 
During the hardening phase, the main concern is the tensile stresses induced in the structure 
members, and its magnitude may be up to the tensile strength after 1 or 2 weeks, and the non-
linearity may have influence on the stress development.  Several investigations (Hauggaard, 
1997), (Atrushi, 2003) have revealed that the linearity is kept below a stress/strength ratio of 
60% in tensile creep test, while the non-linearity appears in the interval 0.6 t 0.8 times the 
tensile strength. The linear viscoelastic theory overestimates the creep recovery under unloading 
conditions compared to the experimental results. (Atrushi, 2003)   
 
2.5.3.2. Integral and differential formulation 
 
According to the linear viscoelastic theory, the strain at time t caused by constant stress σ  
applied at time   t′  is given by: 
                                       ( ) ( ), ,t t J t tε σ′ ′=                                                                              (2.11)  
For variable stress history, the total strain is calculated with the principle of superposition, 
originally formulated by Maslov and McHenry (Neville 1983): strain produced at any time t by 
a stress increment applied at age t t′ <  is independent of the effects of any stress applied earlier 
or later that time. The general integral formulation becomes: 
                                          ( ) ( ) ( ) ( )
0
0,
t
t
t J t t d t tε σ ε′ ′= +∫                                                       (2.12) 
or                                      ( ) ( ) ( ) ( )
0
0,
t
t
t R t t d t tσ ε σ′ ′= +∫                                                      (2.13) 
 
In the differential formulation, the creep behavior is represented by rheological models 
composed of elastic (spring) and viscous (dashpot) elements placed together in a series and/or 
parallel coupling. The main advantage of the differential formulation is that differential equation 
can be resolved step-by-step, which means that the strain state at any time t is defined by the 
state from the previous step and the change during the last time increment, without the storage 
of the complete stress history, which is necessary if integral formulation are being used. 
 
2.5.3.3. Rheological models 
 
In rheological models, material properties influencing the creep behavior are associated to 
elastic (spring) and viscous (dashpot) elements placed together in a series and/or parallel 
coupling.  
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The age-dependent aspects of basic creep are mathematically handled by considering the 
material parameters involved in the creep model as empirical functions of the age. Nakamura et 
al. (2002) simulated the rapid changes in material properties in accordance with the progress of 
hydration reaction by using Burger's model, on the assumption that each parameter of the spring 
and dashpot elements changes with age, and the schematic representation of Burgers model is 
shown in Figure 2-35. One of the special characteristics of this model is that it allows adjusting 
each model component's function to actual creep behavior of early age concrete. In specific 
terms, Maxwell's spring element and Maxwell's dashpot element bear the reversible instant 
elastic deformation and irreversible delayed elastic deformation, respectively. The reversible 
delayed elastic deformation is born by the Voigt model, in which the spring and dashpot 
elements are connected in series. Thus, it is possible to quantify each model parameter by 
performing inverse-analysis on experimental results.     
 
 
         Figure 2-35 Schematic representation of Burgers model (Nakamura et al., 2002) 
 
2.5.3.4. Creep function 
 
Based on tensile creep and relaxation test results, Gutsch (2001, 2002) showed that the maturity 
principle is applicable for basic creep behavior of early age concrete. The creep function ( )1 1,t t tϕ − under 20ºC isothermal condition, which is the ratio of the creep strain ( )1 1,cr t t tε −  to 
the elastic strain at loading ( )1el tε , is modelled by: 
                             ( ) ( )( ) ( )
( )2 1
1 1
1 1 1 1
1
,
cP
cr
c
el c
t t t tt t t P
t t
αεϕ αε
− ⎡ ⎤−− = = ⎢ ⎥⎣ ⎦
                                            (2.14) 
The creep equivalent time under load 1el elt t−  was introduced on the basis of the Arrhenius –
equation to take into account the temperature effect on the viscoelastic behavior. Creep and 
relaxation curve under elevated temperatures can be transformed into curves under 20ºC 
isothermal conditions, provided the degree of hydration at loading is identical.  
                       ( ) ( )( )( ) ( )
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1 1 1 1
1 1 1 1
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,
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cr el el
el el el c
el c
t t T t t t tt t t P
t t
αε αϕ αε
⎡ ⎤−− = = ⎢ ⎥⎣ ⎦
                         (2.15) 
 
Schutter (1996, 2001) introduced a basic creep model for hardening concrete with the evolution 
of the degree of hydration as the main parameter for the evolution of basic creep strain: 
                                   ( ) ( ) ( )0, , , ,cc b b c b b c bε α α η ε α η ϕ α α= ⋅                                                   (2.16) 
in which ( )0 ,c b bε α η  is the instantaneous deformation due to the stress level bη  at loading, bα  is 
the degree of hydration at loading, α  is the degree of hydration, and  
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                                          ( ) ( )
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                                                   (2.17) 
The temperature influence is implemented automatically through the temperature influence 
incorporated in the hydration model.  
 
2.5.3.5. Creep compliance 
 
• Double and triple power law  
 
The creep of concrete at constant moisture and thermal state may be well described by power 
curves of load durations t t′− , and by inverse power curves of age t′ at loading. This leads to the 
most well known compliance function: Double-Power law, Bažant and Panula (1978)                                        
                                     ( ) ( )( )1
0 0
1, nmJ t t t t t
E E
ϕ α−′ ′ ′= + + −                                                     (2.18) 
Compared with long term test data, the slopes of the power curves of load duration t t′−  have 
been observed to be too high for long load durations. When converting creep into relaxation it 
will get negative stress at long time relaxation curves. Bažant and Chern (1985) proposed Log-
double power to avoid this problem.    
                              ( ) ( )( )0 1
0 0
1, ln 1 nmJ t t t t t
E E
ψ ψ α−⎡ ⎤′ ′ ′= + + + −⎣ ⎦                                           (2.19) 
 
The long time creep is better described when the Double power law is extended to the triple 
power law (Bažant and chem., 1985a)  
                               ( ) ( ) ( ) ( )1 0
0 0
1, , ,nmJ t t t t t B t t n
E E
ϕ α− ⎡ ⎤′ ′ ′= + + − −⎣ ⎦                                     (2.20) 
 
The Double and triple power law is originally proposed for hardened concrete. They were 
modified to describe the creep property of early age concrete by taking into account the aging 
characteristics of young concrete: 
                                      ( ) ( ) ( ) ( )0
1, 1 d pJ t t t t t
E t
ϕ −⎡ ⎤′ ′ ′= + −⎣ ⎦′ i                                                (2.21) 
 
• Creep under various isothermal temperatures  
 
Temperature exerts a significant influence on the concrete creep. Heating of concrete accelerates 
creep but it also accelerates hydration which tends to reduce creep. Creep of sealed specimen at 
various isothermal temperatures is generalized by introducing the equivalent time at loading and 
the equivalent creep duration. (Bažant, 1988) The details are discussed in Chapter 4.                                         
 
• Transient creep under temperature changes 
 
Thelandersson (1987) suggested that the transient thermal creep is the interdependence between 
temperature response and mechanical response, and the thermal strain rate should be made 
dependent on the current stress state: 
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                                         1T
c
T
f
σε α ρ⎛ ⎞Δ = Δ +⎜ ⎟′⎝ ⎠i i                                                                    (2.22) 
 
Bažant (1985a) assumed that the creep rate depends on the micro diffusion of water between the 
macropores and the micropores in the cement gel. Since the microdiffusion is driven by a 
humidity- and temperature gradient, the rate depends on pore humidity h  and temperatureT . 
Bazent proved mathematically that this theory is equivalent to the assumption about stress-
induced shrinkage and stress-induced thermal strain. 
                             ( )1T T
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                                              H h c TΔ = Δ + Δ                                                                           (2.25) 
 
This model is applied in the present study to determine the parameter ρ  by calibrating of the 
transient thermal creep test.    
2.6. Crack risk assessment 
2.6.1. Temperature criteria 
 
In the past, prediction of the early age cracking was almost exclusively based on temperature 
criteria. The temperature development in the young concrete was calculated and cracking 
predicted from the maximal temperature difference in a structure. To avoid cracking, limitations 
were applied to maximum temperature, temperature difference between the surface and the 
center of the structure, and between the new and the older adjoining structure. These limitations 
were based on practical experience and experience from the laboratory.  
 
The “cracking frame”, originally developed in Germany in the 1960s, had been employed as 
method for the thermal stress measurement of early age concrete. Springenschmid et al. (1985) 
developed an improved frame, named “temperature stress testing machine” (TSTM), to provide 
100% restraint and temperature control formwork. In the frame an electronically controlled step 
motor moves one of the crossheads in order to keep the distance between gauge marks at the 
center of specimens constant. A load cell registers the restraint force. Twin specimens were used, 
one of them was restrained and the other free to deformation. The stress induced due to 
restrained deformation is recorded, while the strain in the other specimen undergoing free 
shrinkage is also measured. They use a criterion, Tcrack, to characterize the cracking tendency 
directly from each test. An example of such test was shown in Figure 2-36.  
 
The main drawback of the temperature based crack risk estimation is that the other important 
factors in stress calculation are not considered: restraint conditions, material properties and 
shrinkage. Several researcher, (Emborg, 1989) and (Bernander 1994) have shown that there is 
no general correlation between stresses and temperature. Whether young concrete will crack or 
not, depends very much on restraint conditions and material properties.  
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Figure 2-36 The stress measurement in the cracking frame (I. Schrage, Th. Summer, 1994) 
2.6.2. Advanced numerical simulation 
 
For reliable crack perdition at early ages strain-strain criteria must be applied. This calls for 
well-documented material models. In recent years an increased interest in cracking of hardening 
concrete has led to extensive research on this subject. A large number of material models for 
young concrete have been presented and implemented in computer programs for the simulation 
of stress development. Simulation of the hardening structure in general has to take into account 
temperature development due to hydration, development of material properties, and restraint 
conditions of the particular structure. Today there exist several commercially available computer 
programs capable of calculating the temperature and stress development in hardening concrete 
structure. Within the IPACS project a Round Robin calculation has been performed, and five 
different programs have been used to simulate temperature and stress development in two 
examples of hardening concrete structure, the results were shown in Figure 2-37. All 
calculations were based on same set of laboratory test results describing specific concrete 
properties. (Bosnjak, 2000) 
 
Chapter 2 Literature study 
 38
 
Figure 2-37 Stress development in hardening concrete slab calculated with different 
programs (J. Olafsson, M. Uhlán, 2000) 
 
The deviation between the results obtained by different programs may be explained by 
differences in material modeling, modeling of geometry and restraint conditions. The deviations 
were considerable even in the case of stress simulation of hardening specimen in the TSTM with 
well defined temperature and restraining conditions, i.e. the material modeling was the only 
reason for disagreement. The different material models were calibrated to the same experimental 
data, but in simulation of total behavior of a structure they gave different results. The 
comparison gave rise several questions. What kinds of tests are most appropriate for 
characterization of different material properties?  Although different material models are able to 
describe material properties separately, is the combination of the models able to describe the 
total behavior of hardening concrete structure, or do the different material models match with 
each other?    
 
It is obvious that a thorough understanding of modeling of hardening concrete behavior is 
lacking, and that more research is necessary to bridge the gap between mathematical description 
of different phenomena on one hand, and their application in practical design on the other hand. 
(Bosnjak, 2000) 
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3. Experimental program 
3.1. Introduction 
 
Advanced testing methods combined with suitable modeling of material properties and accurate 
numerical analysis techniques are necessary for solid understanding and effective control of 
early age cracking. 
 
During the hardening phase, the hydration reaction is constantly progressing and accompanied 
by volume changes due to thermal dilation and autogenous shrinkage, as well as the 
development of mechanical properties due to the changes in microstructure. Although all the 
processes occur simultaneously and are affected by diverse interacting factor, the determining 
material properties can still be identified, if carefully performed experiments are used in 
conjunction with appropriate analytical models. 
 
The following material properties are main factors which influence the sensitivity of concrete to 
cracking at early age, and are required for a full evaluation of cracking risk in hardening 
concrete structures: 
• The temperature sensitivity (activation energy) 
• Heat of hydration 
• Coefficient of Thermal Expansion (CTE)  
• Autogenous Deformation (AD) 
• Mechanical properties (E-modulus, compressive strength, tensile strength) 
• Creep/relaxation properties 
 
• Restraint Stress development in a TSTM (the test result is the net effect of the properties 
listed above)  
 
All above listed material properties are determined by tests performed in the present study, and 
the test methods and procedures are described in detail in the following sections. In addition, a 
field test of a “double-wall” structure was carried out in 2004 by the Norwegian Public Road 
Administration (SVV), and this wall is comparable to the walls in the Bjørvika submerged 
tunnel which is under construction in Norway.  
  
The test data of material properties is used directly as input for temperature and stress 
calculations of the wall. The calculations were first compared to the stress development in the 
TSTM, and then the material models are applied in 3-D numerical analysis of the field test to 
predict temperature, strain and stress development in real concrete structures.  
 
3.2. Concrete composition 
 
The concretes studied in the present investigation were divided into two series. The first series 
include 8 types of concretes: “Basic 5” for a trial test, “reference concrete”, three types of 
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concretes containing 40%, 60% and 100% blast furnace slag, and three types of concretes 
containing 40%, 60% and 100% fly ash (FA and BFS contents are given as percentage of 
cement weight). The detailed composition is presented in Table 3.1. In the first series, the 
influence of mineral additives, such as FA and BFS, on the cracking risk of young concrete is 
generally investigated, and based on the test results, Norwegian Road Administration suggested 
a further investigation for FA concrete, and the second series were carried out. The second series 
include four types of concrete: “SV 40” concrete (a typical Norwegian high performance 
concrete mix for bridges), Dutch (NL) slag cement concrete, and two concretes containing 40% 
and 60% fly ash. The detailed composition is presented in Table 3.2. Note that all concretes 
contain 5% silica fume of cement weight, and that the water/binder ratio is 0.45, except for 
“Basic 5” and SV 40 concrete which have water/binder ratio=0.40.    
 
Table 3.1 Concrete compositions (first series)  
Concrete fraction (Kg/m3), Nominal values 
Materials 
REF 40% BFS 
60% 
BFS 
100% 
BFS 
40% 
FA 
60% 
FA 
100% 
FA 
Basic 
5 
NORCEM 
Anleggsement (c) 359.5 263.4 232.5 188.2 263.7 232.9 188.2 367 
Silica fume (s) 18.0 13.2 11.6 9.4 13.2 11.6 9.4 18.0 
Fly ash (FA) - - - - 105.5 139.6 188.2 - 
Blast furnace slag 
(BFS) - 105.4 139.5 188.2 - - - - 
Water (w) 178 154 
Norstone 0-8 mm 1002 995 994 988 965 958 935  
Norstone 8-16 mm 880  
Sikament 92 1.9 1.9 1.9 1.9 1.9 1.9 1.9  
Measured values: Fresh concrete 
Air (%) 1.8 1.6 1.6 1.1 1.4 1.1 0.9  
Density (Kg/m3) 2430 2410 2410 2400 2410 2370 2350  
Slump (mm) 125 125 140 200 150 160 200  
Binder composition (ratio and volumes) 
s/c ratio 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 
FA or BFS/c ratio - 0.40 0.60 1.00 0.40 0.60 1.00 - 
FA or 
BFS/(c+s+FA+BFS) 
ratio 
- 0.276 0.364 0.488 0.276 0.364 0.488 - 
Binder and water 
volume (ltr) 301 305 306 307 316 321 327 280 
w/(c+2s+FA+BFS) 
ratio 0.450 0.450 0.450 0.450 0.450 0.450 0.450 0.40 
Note: 40% BFS - FA or BFS contents are given as percentage of cement weigh 
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Table 3.2 Concrete compositions (second series)  
Concrete fraction (Kg/m3), Nominal values 
Materials 40% 
FA* 
60% 
FA*-1 
60% 
FA*-2 
SV 
40* NL Slagcement
*
NORCEM Anleggsement (c) 263.7 232.9 404.1  
NL Slaggsement (c)    382.1 
Silica fume (s) 13.2 11.6 20.2 6.7 
Fly ash (FA) 105.5 139.7 - - 
Blast furnace slag (BFS) - - - - 
Water (w) 178 178 178 178 
Norstone 0-8 mm 912 899 910 948 
Norstone 8-16 mm 880 879 880 877 
Visco-Crete 140 0.57 0.58 0.48 0.39 
SIKA BV-40 1.91 1.92 2.13 1.94 
AER-S (1:9) 2.01 2.56 0.36 0.33 
Scancem demper 0.08 - - - 
Measured values: Fresh concrete 
Air (%) 4.7 5.8 6.1 4.3 3.4 
Density (Kg/m3) 2320 2260 2260 2370 2340 
Slump (mm) 170 165 215 70 200 
Binder composition (ratio and volumes) 
s/c ratio 0.05 0.05 0.05 0.02 
FA or BFS/c ratio 0.40 0.60 - 0.74/0.26=2.85 
FA or BFS/(c+s+FA+BFS) ratio 0.276 0.364 - 0.74 
Binder and water volume (ltr) 316 321 317 304 
w/(c+2s+FA+BFS) ratio 0.450 0.450 0.400 0.450 
Note: In order to distinguish with the first series, all the concretes tested in the second series 
marked with a prefix *  
 
3.3. Test method 
3.3.1. Hydration heat 
 
The heat of hydration was determined by a semi-adiabatic calorimeter at SVV and NTNU. The 
test setup used at NTNU is according to Norwegian Standard NS3657, and consists of a box 
made of plywood, with an internal volume of 15 liters surrounding with lining of 100 mm EPS. 
The concrete sample is cast into the box immediately after mixing, afterwards the box is closed. 
The temperature development in the sample is recorded by the use of thermal-couples and a data 
logger, see Figure 3-1. The equipment used in SVV is similar in principle. 
  
The total heat evolvement is defined to be the sum of the heat corresponding to the temperature 
increase and the heat loss to the surroundings due to the imperfect insulation. The heat flux from 
box is assumed to be proportional to the temperature difference between concrete and the 
ambient air. Heat loss can be characterized by temperature transmission coefficient which is 
deduced by the assuming a certain low rate of temperature increase at the end of the adiabatic 
curve, see Figure 3-2. The adiabatic temperature development can be converted to equivalent 
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isothermal heat evolvement. The calculation principle is described in Smeplass and Maage 
(1990).    
 
 
Figure 3-1 Semi-adiabatic heat calorimeter 
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Figure 3-2 Measured semi-temperature and calculated temperature 
 
3.3.2. Elastic modulus and compressive strength 
 
Compressive strength tests were performed on 100×100 mm cubes according to Norwegian 
Standard NS3656 at SVV and NTNU. The activation energy (temperature sensitivity factor) of a 
given concrete was determined from compressive strength tests on specimens cured at 5, 20, and 
50ºC isothermal temperatures from right after mixing.  
 
The elastic modulus in compression is measured on 150×300 mm cylinders according to NS 
3676, which is based on ISO 6784-1982. The test procedure includes two preloading cycles: 
 
(1) Loading to 45% of ultimate load. Resting period 90 sec. Unloading followed by a new 90 sec 
resting period.  
(2) Loading to 30% of ultimate load. Resting period 60 sec. Unloading followed by a new 60 sec 
resting period.  
(3) Loading to 30% of ultimate load. Resting period 90 sec. Unloading followed by a new 90 sec 
resting period.   
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The modulus of elasticity is determined from the unloading part of step 3 (including the 
subsequent 90 sec resting period). The loading rate is 0.8 MPa/sec and the deformation is 
measured over the 120 mm mid section using 3 displacement transducers. The test setup is 
shown in Figure 3-3. 
 
 
Figure 3-3 Elastic modulus test in compression 
 
The E-modulus in the creep tests is determined from the first loading, and is slightly higher than 
the E-modulus measured by above test procedure.   
3.3.3. Tensile strength 
 
The tensile strength was determined both by direct tensile tests and by tensile splitting tests at 
NTNU, while it was only determined by tensile splitting tests at SVV. The unixial tensile 
strength test is measured on the 90×100×600 prismatic specimen in TSTM after the restraint 
stress test under realistic temperature histories for several types of concretes, and the data well 
represents the direct tensile stress in massive concrete structure experienced a heating-cooling 
temperature cycle.  
 
Tensile splitting test have been widely used because of the difficulties in performing the direct 
tensile test. The tensile splitting strength was usually measured on 100×100 mm cubes, and the 
load is applied along two opposite generatrices, as shown in Figure 3-4. According to linear 
elastic theory a stress-field with tensile stresses normal to the load direction is established, the 
tensile splitting strength, tsf , at failure is found as: 
                                2
2
ts
Pf
Dπ=                     Equation Section (Next)                           (3.1) 
                                P=the failure load, D=cube length 
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Figure 3-4 Tensile splitting test: principal set-up 
 
3.3.4. Creep rig test 
3.3.4.1. Compressive creep rig 
 
Five compressive creep rigs, originally designed for long-term creep testing of mature concrete, 
were used in the present creep test for hardening concrete after the measurement system was 
updated from electrical strain gauge to the displacement transducer of the type Linear Variable 
Differential Transformer (LVDT) to improve the stability and accuracy of testing. The details of 
the compressive creep rig were described by Tomazewicz (1988). Each rig is equipped with a 
hydraulic jack and a spherical bearing plate to ensure uniform distribution of imposed load over 
the specimen. Hydraulic pressure in jacks was individually measured and controlled by a central 
hydraulic system, which included oil pressure accumulators.  
 
The compressive creep tests can be performed only at room temperature (e.g. 20 ºC ±1 ºC). 
Three specimens were used in each compressive creep test. Two active specimens were loaded 
to measure the load-dependent deformation and the third passive one was kept unloaded to 
measure the load-independent deformation simultaneously, which represents autogenous 
shrinkage in this case. After the mixing, the concrete is cast in five moulds, and stored under 20 
ºC in the temperature control room. All five specimens are demoulded at 2 days, and covered 
with aluminum foil immediately to prevent evaporation of water. Three of them are used to 
conduct creep test at 2 days, and other two are used to conduct the creep test at 7 or 8 days.     
 
In the old measuring system, the deformation was measured by using a set of three TLM 
electrical strain gauges (type PL-60-11), glued on each of the 150×300 mm cylindrical 
specimens with 120º distance. During the first few trial tests, it was found that the moisture 
content of concrete specimens at very early age was too high for the glue to fix the strain gauges 
on the surface of the specimens, and sometimes specimens had to be set in dry condition for 1-2 
hours to wait for the glue to solidify. The moisture condition is essential for the development of 
autogenous shrinkage at early age, and moisture exchange with environment during the test 
procedure introduces a measuring error (drying creep and drying shrinkage). Therefore, the new 
LVDT-based measuring system was made to avoid the problem. Each specimen is equipped 
with three strain measurement devices (LVDT), which are mounted with 120º distance on the 
surface of the specimens.  
P
D
P
(a)
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Figure 3-5 Compressive creep rigs equipped with oil pressure accumulators (Note: old 
measurement system) 
 
3.3.4.2. Tensile creep rig  
 
The tensile creep rig was recently developed and built in the NTNU laboratory, and was 
described in detail by Atrushi (2003), see Figure 3-6 and Figure 3-7. The rig consists of two 
parts: the creep frame, which is a vertical steel frame, and a horizontal loading frame. The 
tensile load is applied on the “active” specimen through a lever arm system by changing the 
position of a dead weight on the arm. Load-independent strain (i.e. thermal dilation and 
autogenous shrinkage) is always measured simultaneously on an unloaded (dummy) specimen. 
Both specimens are covered with aluminum foil during testing in order to prevent evaporation of 
water.  
 
Each specimen is equipped with three strain measurement devices (LVDT), which are mounted 
with 120º distance on the surface of the specimen. Both the loaded and the dummy specimen are 
placed in temperature-controlled chambers, and the test can be performed under different 
isothermal temperature conditions. For each tensile creep test two specimens with dimension of 
103×425 mm are used. One specimen is loaded at each loading time, and one dummy specimen 
is used simultaneously to measure free deformation. The creep strains are determined by 
subtracting the strains of the dummy specimen from the strains of the active.   
 
Difficulties in tensile creep test were discussed by Atrushi (2003). The reproducibility tests 
performed by Atrushi showed that under variable temperature conditions the instability of the 
measuring system seriously affects the reliability of the strain output, and therefore only tests 
under different isothermal temperature conditions was carried out in his investigation. Another 
concern in the measuring system is that two measuring frames were fastened to the 150 mm mid 
section of the specimen by six bolts. Pores or sand may exist right under the surface layer of the 
concrete specimen, and if some bolts meet them, the frames would not be perfectly fixed on the 
specimen. When the specimen is under loading, independent movement may be induced in the 
frames and LVDT during test.      
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Figure 3-6 Tensile creep rig: principle sketch 
 
 
Figure 3-7 Tensile creep rig with dummy specimen (right) 
 
3.3.5. Free deformation test in Dilation Rig 
 
The Dilation Rig is constructed to measure free deformation of concrete, i.e. thermal dilation 
and autogenous shrinkage, from about 1 hour after mixing. In the present study, the specimen is 
sealed with an aluminum plastic foil impermeable to moisture, and drying shrinkage is avoided 
to occur. The rig is equipped with a temperature control system, which allows the tests to be 
performed under any desired temperature history.  
 
The cross section of the specimen is 100×100 mm and the length is 500 mm. The length change 
is measured by inductive displacement transducer at each end of the specimen. Each signal is 
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recorded separated and added to obtain the total length change. A thermal couple measures the 
temperature in the center of the specimen. The test setup is shown in Figure 3-8. 
 
In the standard procedure the TSTM and the Dilation Rig run in parallel to produce “compatible 
data” for re-calculations of the restraint stress development from TSTM. The Dilation Rig test is 
run with a stepwise temperature history, and such procedure allows us to separate the 
deformation into thermal dilation (CTEs are calculated at each step) and autogenous 
deformation (AD is measured directly during every isothermal period), as shown in Figure 3-9.  
 
                             
                             
                    Figure 3-8 Dilation rig measuring free deformation 
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a) Imposed temperature and free deformation             b) Calculated CTE  
Figure 3-9 Example from Dilation Rig test 
 
3.3.6. Restraint stress test in TSTM 
 
The systems of the special designed Temperature Stress Test Machine (TSTM) as shown in 
Figure 3-10 is essentially a closed loop servo system that can be operated either in load or 
deformation control mode. The main part of the system is the servo controller with the operator, 
and it controls the balance between the desired and the actual value of load or position which 
provides the driving signal for a Lenze servo drive. This in turn consists of an amplifier and a 
motor driving the loading screw with a pitch of 1 mm through a 1:70 reduction gear. 
 
ΔL ΔLSpecimen
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The servo controller is of conventional design where the demand set on the balance pot and read 
on the little DVM (3 digits “+” for tension, “-” for compression) is subtracted by the actual 
value from the load or position transducer and the difference, amplified if necessary, is the input 
to the Lenze servo drive. When the desired load or position has been reached the difference is 
zero and the motor stops and from then on makes small correcting movements to maintain the 
desired load or position.   
 
The cross section of the specimen is 90×100 mm and the total prismatic length is 1000 mm, and 
at the both ends the dimensions are increased in crossheads forming the anchorage. The 
temperature control system of the TSTM is similar to that of the Dilation Rig. In the present 
study, the specimen is sealed with an aluminum plastic foil impermeable to moisture, and drying 
shrinkage is thus avoided.  
 
The TSTM is operated in deformation control mode. Tests can be performed under full (100%) 
or partial restraint. The full (100%) restraint condition is provided by an electronic feedback 
system that moves the left anchoring head of the specimen to compensate for the any length 
change in the 700 mm mid section of the specimen. A load cell, connected to the right anchoring 
head, records the restraining force. A partial restraint situation is obtained simply by 
deactivating the feedback system, meaning that the restraint against deformation is provided by 
the stiff steel frame of the rig and the anchorage of the specimen (hence, the restraint degree 
may vary from test to test, but it is generally around 40% (Bjøntegaard, 1999)).When partial 
restraint is used, the deformation of the 700 mm section is recorded as well as the restraining 
force. The advantage with the partial restraint situation is that an early tensile failure of the 
specimen is avoided during variable temperature development.  
 
The stress development measured in the TSTM is the net effect of all the parameters acting to 
produce restraint stresses in hardening concrete (i.e. thermal dilation, autogenous deformation, 
elastic modulus, and creep/relaxation properties). The TSTM results are used directly for 
cracking risk comparison of different types of concretes and/or to calibrate the material models 
by re-calculating the restraint stress development in the TSTM. 
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                                            Figure 3-10 Temperature stress test machine  
 
3.3.7. Creep test in modified TSTM 
 
As part of the present study the TSTM was modified to perform creep test in compression or 
tension, and the main improvement include a new voltmeter added on the front panel and some 
adjustments of the feedback system. The input of the feedback system now can be easily 
switched between the LVDT-signal (deformation controlled relaxation mode, i.e. self-induced 
stress measurement) and the load cell signal (load controlled creep mode, i.e. creep test) 
according to choice.  
 
Creep testing in the modified TSTM, as shown in Figure 3-11, operates according to following 
procedure: at the start of a creep test, the desired load (tension or compression) is set as a given 
voltage on the voltmeter and the feedback system is switched on in load control mode. The 
loading is applied in the following way: initially the rate of loading is relatively rapid, and then 
it decreases as the “actual load” approaches the “set load”. The desired load is reached within 
one minute. From then on the load is kept constant by the feedback system. In the present study, 
the creep test in tension was performed in the modified TSTM and in either the tensile or 
compressive creep rig in parallel for comparison. 
 
 
Figure 3-11 Modified TSTM for creep test 
 
3.3.8. Transient thermal creep test in TSTM 
 
Under variable temperature conditions, while the concrete is under load, an additional creep 
component, the so-called transient thermal creep, develops during the temperature change. The 
advantage of the temperature control system in the modified TSTM and the Dilation Rig makes 
it possible to perform creep test under variable temperature conditions at constant load. And in 
the present study, the transient thermal creep tests were performed for young and hardened 
“basic 5” concrete.   
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Transient thermal creep ( , )ttc Tε σ  during heating/cooling under constant stress can be 
determined indirectly from the total strain ( , )tol Tε σ  given by the following expression: 
          ( , ) ( , ) ( , ) ( , ) ( ,0) ( ,0)tol ttc el c th shT T T T T Tε σ ε σ ε σ ε σ ε ε= + + + +                                      (3.2) 
                          ( , ) ( , ) ( , )v el cT T Tε σ ε σ ε σ= +                                                                          (3.3) 
                          ( ,0) ( ,0) ( ,0)free th shT T Tε ε ε= +                                                                         (3.4) 
Where ( , )v Tε σ  is the viscoelastic strain under variable temperature and constant load condition, 
and ( ,0)free Tε  is the free strain measured under same variable temperature condition. 
3.3.8.1. Hardened concrete 
 
The concrete specimens were sealed by watertight aluminum and stored in a temperature control 
room (20 ±0.5 ºC) for more than two months, and then two specimens were placed in the 
modified TSTM and the Dilation Rig respectively under 20ºC and free restrain condition, and 
they were set there for several days to release any possible initial restraint and load.  
 
The uniaxial load (compression or tension) was then applied in the TSTM, at a rate of 0.2 MPa/s, 
until the required loading level was reached. The maximum load capacity (compression and 
tension) of modified TSTM is about 9 MPa, and the applied constant load was about 10% of 
compressive strength or about 20% of tensile strength measured at 20ºC. 
 
One day after the loading, the specimens in the TSTM and the Dilation Rig were heated from 20 
to 65ºC simultaneously at a constant rate of 0.2ºC/min, and the time of heating is estimated to be 
3-4 hours, then the temperature level of about 65ºC were maintained constant for 1-2 days to 
ensure the stabilisation of internal temperatures. At the end of the heating cycle, the specimens 
were then cooled down from 65 to 20ºC at a rate of 0.2ºC/min. After a delay of at least a week at 
20ºC temperature condition, some specimens were submitted to a second identical heating–
cooling cycle. The sketch of the test process including the temperature and loading history is 
shown in Figure 3-12. 
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Figure 3-12 Temperature and loading history of transient thermal creep test in tension 
 
During the test, the elastic strain at 20ºC temperature was instantaneously recorded when the 
load is applied, and the measured strain in modified TSTM is the sum of the elastic and creep 
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stain when temperature is constant, and the additional thermal dilation and transient thermal 
creep is developed while the temperature is changed. To determine the transient thermal creep, it 
was also necessary to measure the free (unloaded) deformation of sealed mature concrete, i.e. 
thermal strain in this case. It is measured by imposing a similar heating–cooling cycle without 
load in the Dilation Rig or TSTM. The magnitude of transient thermal creep is then calculated 
by subtracting the elastic, creep and thermal strain from the total strains measured in modified 
TSTM in the load condition: 
                   ( , ) ( , ) ( , ) ( , ) ( ,0)ttc tol el c thT T T T Tε σ ε σ ε σ ε σ ε= − − −                                              (3.5) 
 
3.3.8.2. Young concrete 
 
A similar test procedure was also applied for young concrete. The fresh concrete was cast in the 
TSTM and the Dilation Rig respectively after mixing, and then they were cured under 20ºC, 
sealed and free restraint condition for 1 day before the load was applied in the TSTM.  
 
The uniaxial load (compression or tension) was only applied on the TSTM, at a rate of 0.2 
MPa/s, until the required loading level was reached. The maximum load capacity of modified 
TSTM is about 9 MPa, and the applied initial load was about 20% of compressive strength or 
about 30% of tensile strength measured at loading time under 20ºC curing temperature. 
 
The specimens in the TSTM and the Dilation Rig were heated from 20 to 65ºC simultaneously 
at a constant rate of 0.2ºC/min at 12 hours after loading, and the time of heating process is 
estimated to be 3-4 hours, then the temperature level of about 65ºC were maintained constant for 
1-2 days to ensure the stabilisation of internal temperatures. At the end of the heating cycle, the 
specimens were then cooled down from 65 to 20ºC at a rate of 0.2ºC/min. The sketch of the test 
process including the temperature and loading history is shown in Figure 3-13. 
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Figure 3-13 Temperature and loading history of transient thermal creep test in 
compression 
 
The free (unloaded) deformation measured in young concrete is the combination of thermal 
dilation and autogenous shrinkage. Transient thermal creep ( , )ttc Tε σ  during heating/cooling 
under constant stress is determined indirectly by subtracting the elastic, creep and free 
deformation from the total strain ( , )tol Tε σ  in the load condition: 
        ( , ) ( , ) ( , ) ( , ) ( ,0) ( ,0)ttc tol el c th shT T T T T Tε σ ε σ ε σ ε σ ε ε= − − − −                                        (3.6) 
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3.4. Test program 
3.4.1. Laboratory test 
 
Experimental tests on semi-adiabatic hydration heat and mechanical properties, such as 
compressive strength, elastic modulus and tensile strength, were conducted both at SVV in Oslo 
and at NTNU. Creep tests in compression and tension were performed by Ji (2005) at NTNU, 
and Dilation rig tests measuring thermal dilation and autogenous deformation and TSTM tests 
were carried out parallel by Bjøntegaard (2002, and 2003) at NTNU. The overview of the test 
program is shown in Table 3.3. Therefore, well documented material models based on 
experimental data will be implemented in 1D-calculations (re-calculation of restraint stress 
development in TSTM) and 3D cracking risk analysis of concrete structures. 
 
The overview of the concrete specimens used in creep rig is given in Table 3.4, and the 
complete test programs including the loading age and the duration of the creep test are 
presented in Table 3.5. Totally 14 compressive and 15 tensile creep tests were conducted 
covering several types of concretes. The concretes were loaded roughly after 2 days and 1 
week respectively after mixing, and the duration of each test varied from 5-42 days. In the 
present study, both the creep rig in compression and tension are placed under 20 0.5 C± D in a 
temperature control room.  
 
One tensile creep test was performed in parallel in the creep rig and modified TSTM for 
reference concrete at age of 2 days. Two transient thermal creep tests were performed for 
hardened concrete, test No.183 is under compression and test No.173-2 is under tension. Four 
transient thermal creep tests were performed for young concrete, and among them test No. 172 
is under compression, and test No. 173 is under tension. The overview of the transient thermal 
creep test is presented in Table 3.6.  
 
Table 3.3 Test program overview  
Creep Dilation Rig TSTM                  Test 
Concrete 
Activation 
energy(1) 
Hydration 
heat 
Elastic 
modulus 
Tensile 
strength tensile compressive CTE AD  
Basic 5      (N)    
Ref  (S, N)(2) (S, N) (S, N) (N) (N) (N) (N) (N) 
40% FA  (S, N) (S, N) (S, N)   (N) (N) (N) 
60% FA  (S, N) (S) (S)   (N) (N) (N) 
100% FA  (S, N) (S, N) (S, N)  (N) (N) (N) (N) 
40% BFS  (S, N) (S, N) (S, N)  (N) (N) (N) (N) 
60% BFS  (S, N) (S, N) (S, N) (N) (N) (N) (N) (N) 
100% BFS  (S, N) (S, N) (S, N) (N)  (N) (N) (N) 
SV 40* (S) (S, N) (N) (N) (N) (N) (N) (N) (N) 
NL 
Slagcement* (S) (S, N) (N) (N) (N)  (N) (N) (N) 
40% FA* (S) (S, N) (N) (N) (N) (N) (N) (N) (N) 
60% FA* (S) (S, N) (N) (N) (N) (N) (N) (N) (N) 
(1) Activation energy is determined from compressive strength tests at 5, 20, and 50ºC 
isothermal temperatures 
(2) S - test is performed at SVV, N - test is performed at NTNU 
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Table 3.4 Concrete specimens used in creep rig and standard compressive strength test 
Number of 
specimens Dimension (mm) Test Use of specimen 
3 150x300 (cylinder) Compressive creep 2 Loaded (active) 1 Unloaded (dummy) 
2 103x425 (cylinder) Tensile creep 1 Loaded (active) 1 Unloaded (dummy) 
3 100x100x100 (cubic) Compressive strength 
3  
 
Table 3.5 Overview of the creep testing: loading age and the duration of test 
Compressive creep rig Tensile creep rig 
Concrete loading(duratio
n) 
loading(duratio
n) 
loading(duratio
n) 
loading(durat
ion) 
loading(durat
ion) 
Basic 5* 2d(5d) 7d(14d)    
SV 40* 2d(7d) 9d(20d) 2d(7d)  9d(12d) 
40% FA*  3d(5d) 8d(9d) 2d(20d)  8d(9d) 
60% FA*   4d(46d) 7d(8d) 2d(5d) 4d(42d) 7d(9d) 
FA 100%   7d(8d)    
NL 
Slagcement*   2d(5d) 3d(10d) 8d(15d) 
Reference  7d(9d) 2d(5d)  7d(8d) 
40% BFS  2d(5d) 7d(7d)    
60% BFS 2d(5d) 7d(7d) 2d(5d)  7d(7d) 
100% BFS   2d(5d)   
 
Table 3.6 Overview of transient creep test 
TSTM 
Load (KN) 
 
Test No. 
compression tension Loading age Loading duration 
 
Dilation Rig 
183 53.4  1.2 year 16 days yes 
173-2  10.6 60 days 6 days yes 
170(1) yes (under unloaded condition and  specified temperature history) yes 
171 failed    yes 
172 28.0  18.7 hours 130.3 hours yes 
173  4.7 30.2 hours 117.1 hours yes 
(1) For Test No. 170, free deformations were measured in both the TSTM and the Dilation Rig 
under similar temperature histories to verify the reproducibility of the test methods     
3.4.2. Field test 
 
As part of the “Bjørvika Submerged Tunnel Project”, a great deal of R&D work has been carried 
out by the Norwegian Public Roads Administration (SVV) in order to develop a “low-heat” 
concrete with a minimal risk of early age cracking. The project involved the first submerged 
concrete tunnel in Norway designed for traffic, and was constructed crossing the harbour of 
Oslo. Focus has been set on building a crack-free and water tight structure.  
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In order to evaluate the crack risk of the “low-heat” concrete, a field investigation on a specially 
designed structure with relevant dimensions was carried out in the summer 2004 in Oslo, 
Norway. It was essential to compare the cracking risk of “low-heat” concrete with that of “SV 
40” concrete which is commonly used in Norway. The “double-wall” structure was tested in the 
field – one wall for each type of concrete and the slab with “SV 40”. The dimensions of the 
walls and the slab were chosen to represent the approximate restraint conditions of the 
submerged tunnel, see Figure 3-14. The length of the structure is 15m. The slab was about 2 ½ 
weeks old when both walls were cast at same time. 
 
15.0 m
2.0 m
1.0 m
0.8 m 5.4 m
7.5 m
5.0  m
 
Figure 3-14 Field test 
 
A total of 26 strain gauges of the vibrating-wire type (GEOKON VCE-4200) were installed 
prior to casting. These strain gauges measure simultaneously both temperature and strain in the 
same position. Hence, concrete strains can be calculated by compensating temperature strain of 
the strain gauges. 24 strain gauges were installed in two sections of the structure – 5.0 and 7.5 
meters from the south end, all longitudinal with respect to the length-axis of the structure. For 
each section 4 gauges were installed in each wall (8 in total) and 4 gauges in the slab (2 under 
each wall), as can be seen in Figure 3-15. In addition, for each wall one strain gauge was 
installed transverse to the length-axis 0.75m from the south end of the structure to measure the 
approximated free-deformation (no stresses) strains. Numerical simulations were performed by 
Diana to compare the calculated results with the measurements as described later in Chapter 6. 
Chapter 3 Experimental program 
 55
                        
16
15
14
13 21
22
23
24
 
Figure 3-15 Middle cross-section of the “double-wall” structure and the positions of the strain 
gauges (black dots). (Dimensions in mm) 
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4. Material model and solution method 
 
The coupled thermo-chemo-mechanical analysis of young concrete based on the theory of 
reactive porous media within thermodynamic framework was carried out by Ulm and Coussy 
(1995, and 1996) and Ulm (1998). The constitutive relation of macroscopic model described by 
chemo-mechanical cross-effect and chemo-thermal cross-effect is further simplified and used in 
the analysis of the young concrete structure. 
4.1. Constitutive relation of macroscopic model based on theory of reactive porous media 
within thermodynamic framework 
 
Within the framework of reactive porous media, concrete is considered as a porous medium 
composed of a skeleton and some fluid phases saturating the macro-porous space (capillary 
pores the width of which are larger than 1 μm). The solid part of the medium is formed of 
unhydrated cement and hydrates. The hydration process is viewed as a chemical reaction in 
which the free water is a reactant phase that diffuses through the layers of hydrates to the 
unhydrated cement and forms chemically and/or physically combined water in the new 
hydration product. The diffusion of water is considered as the dominant mechanism regulating 
the reaction kinetics.  
 
For the sake of clarity, the system is considered as closed with respect to external flow (no 
external supply of water mass during hydration); and the water phase in the porous medium is 
only involved in the liquid-solid phase change of the hydration reaction. Applying standard 
thermodynamics, the intrinsic dissipation of the closed system reads: 
                                    : 0STϕ = − −Ψ ≥ σ ε        Equation Section (Next)                (4.1) 
where a dot denotes time derivation; σ  and S  are stress tensor and entropy. They are the 
thermodynamic forces associated to the rate of strain tensor ε  and absolute temperature T  
respectively. Ψ is Helmholtz free energy, and is a function of the external state variables 
(absolute temperature T  and strain tensorε ) and of the internal state variables (plastic strain 
tensor ε p  and hardening/softening variable χ , associated with the irreversible skeleton 
deformation (for instance micro-cracking), and skeleton mass m  involved in the hydration 
reaction). Free energyΨ is assumed formally: ( ) ( ) ( ), , , , , , ,p pT m T m U mχ ψ χΨ = Ψ = − +ε ε ε ε                                       (4.2) 
where ( ),U mχ  is the part of free energy associated with plastic hardening/softening 
phenomena in the material. Then, using (4.1) and (4.2) yields: 
: : 0PPS T mT m
ϕ χχ
∂Ψ ∂Ψ ∂Ψ ∂Ψ ∂Ψ⎛ ⎞ ⎛ ⎞= − − + − − − ≥⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠
   σ ε εε ε                            (4.3) 
In the case of no skeleton mass change ( 0m = ), and no plastic evolutions occur ( 0p =ε , 0χ = ), 
inequality equation (4.3) leads to following state equations: 
ψ∂= ∂σ ε  ; S T
ψ∂= − ∂                                                                (4.4) 
Equation (4.4) still holds in the case of a reactive porous material and when plastic evolutions 
occur, and equation (4.3) then reads:
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                                    : 0p mA mϕ ζχ= + + ≥  σ ε                                                            (4.5) 
with state equations:     
                      ψ∂= ∂σ ε ;
Uζ χ
∂= − ∂ ;
( )
m
U
A
m m
ψ∂ +∂Ψ= − = −∂ ∂                                (4.6) 
where mA  is affinity of the chemical reaction which expresses the thermodynamic imbalance 
between the free water and the water combined in the solid phase, and is the driving force of the 
microdiffusion process governing the hydration reaction. ζ is hardening force, which account 
for the evolution of the plastic threshold within the plastic criterion  ( ), 0f f ζ= ≤σ .  
 
From the standpoint of constitutive modeling, the chemo-mechanical, chemo-thermal and 
chemo-plastic couplings can be derived from Maxwell-symmetries on the free energy. Since:  
          
2
mA
m m
ψ∂∂ ∂= − =∂ ∂ ∂ ∂ε
σ
ε ;
2
mA
m T m
ψ∂∂ ∂= = −∂ ∂ ∂ ∂
S
T ;
2
mA U
m m
ζ
χ χ
∂ ∂ ∂= = −∂ ∂ ∂ ∂                       (4.7) 
Differentiating the preceding state equations (4.4) and (4.6) leads to the incremental state 
equations: 
        ( )2 2 22 pd d d dT dmT mψ ψ ψ∂ ∂ ∂= : − + +∂ ∂ ∂ ∂ ∂σ ε εε ε ε                                       (4.8) 
         ( )2 2 22 pdS dT d d dmT T T mψ ψ ψ∂ ∂ ∂= − − : − −∂ ∂ ∂ ∂ ∂ε εε                                    (4.9)  
         dm
m
UdUd ∂∂
∂−∂
∂−= χχχζ
2
2
2
                                                  (4.10)  
         ( )2 2 2 2 2pmdA d d dT d dmm m T m mχχ∂ Ψ ∂ Ψ ∂ Ψ ∂ Ψ= − : − − − − −∂ ∂ ∂ ∂ ∂ ∂ ∂ε εε                   (4.11) 
 
4.1.1. Chemo-mechanical cross-effect 
 
The product of hydration reaction leads to stiffening of the concrete, which – at the macro-level 
of material description – appears as a variation of the elasticity modulus in time. At a micro-
level of material description, this aging elasticity may be regarded as a change in the 
concentration of the non-aging constituents, i.e. the hardened cement gel.  
Inverting state equation in (4.8) leads to:  
                                              1pd d d dT dm−− = : + +ε ε σC a b                                             (4.12)      
where 2 2ψ= ∂ ∂ εC  is elastic stiffness tensor, which depends on the hydration mass m  [i.e. 
( )m=C C ]; The second order tensors 1 2 Tψ−= − : ∂ ∂ ∂εCa  and 1 2 mψ−= − : ∂ ∂ ∂εCb are, 
respectively, the tensor of thermal dilation coefficient, which relates the temperature variation 
dT to strain increment of the thermal origin, and the tensor of chemical dilation coefficient, 
which relates the increases in hydration mass m  to the strains of chemical origin. State equation 
(4.12) can be inverted into: 
                       ( ) ( ) ( )( )p th shrd m d d d T d m= : − − −σ ε ε ε εC                           (4.13)                     
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4.1.2. Chemo-thermal cross-effect 
 
From the first and second principle of thermodynamics, the thermal field equation can be written 
in its entropy rate form as: 
                            ϕ+= QST 0                                                            (4.14) 
where S  is the internal entropy, ( )0 0divQ T R T= − q is the rate of external entropy supply 
provided by heat exchange with the exterior, in form of volume heat sources R and heat 
conduction ( div− q , with heat flux vector gradT= −q K  when adopting a linear isotropic 
conduction law). While 0Tϕ is the rate of internal entropy production due to dissipationϕ . 
Using state equation (4.9) in (4.14), the thermal equation reads: 
                         ( )0 P mC T T L m Qε ϕ− : − − = +   ε εA                                                 (4.15) 
where 220 TTC ∂∂−= ψε  is volume heat capacity per unit of volume; 20 0T T Tψ= ∂ ∂ ∂εA  is 
the latent heat per unit of deformation pd d−ε ε , due to the small order of magnitude of elastic 
strains in cementitious material, it can be considered negligible with respect to the hydration 
heat generation; mTTLm ∂∂∂= ψ20  is the latent heat of the hydration reaction per unit of 
solidification mass dm .The heat released by hydration reaction is due to latent heat effects 
( 0mL >  due to the exothermic nature of the hydration reaction), as well as due to the hydration 
dissipation ϕ  (i.e. 0mA m ≥ ), even though the latter can be considered as negligible with respect 
to the hydration heat. Then, heat equation (4.15) simplifies to: 
                                     mC T Q L mε = +                                                           (4.16) 
 
4.1.3. Hydration kinetics 
 
The diffusion of water through the layers of hydrates is considered as the rate-determining 
process of the hydration kinetics. Mass rate m  can be viewed as measure of this diffusion rate. 
Thermodynamic considerations of chemically reactive porous media lead to postulate that the 
hydration of concrete is governed by two constitutive laws under sealed condition.  
 
The first law links the mass rate m  of the current hydrate to the affinity mA  of the reaction. 
Diffusion rate of water is controlled by the thermodynamic imbalance (affinity mA ) between free 
water and water combined in the solid phase, and amplified by thermal activation when the free 
water combined with unhydrated cement to form new hydrates. The kinetics law is assumed to 
be given as: 
   ( ) exp am EdmA m dt RTη
⎛ ⎞= ⎜ ⎟⎝ ⎠                                                  (4.17) 
Where aE  is hydration activation energy; R  is idea gas constant. The factor ( )exp aE RT  
accounts for the thermally activated character of the reaction according to the Arrhenius 
concept, while the factor ( )mη , an increasing function of m , accounts for the increase of the 
thickness of the hydrates layers, which increases the micro-diffusion time of the free water to 
reach the unhydrated cement. 
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The second constitutive law is the state equation which relates the hydration affinity mA  to the 
current hydrate mass m . As described in state equation(4.11), affinity mA  may as well dependent 
on strain ε  and pε , temperature T , and hardening variable χ . As a first approximation, the 
affinity is assumed to depend significantly only on hydrate mass m , while the coupling of stress, 
temperature and plastic hardening/softening may be considered as weak and the effects of them 
are assumed to be negligible. Applying this weak coupling hypothesis to (4.11) and integrating 
leads to: 
                                   ( )0mA A a m≅ −                                                                 (4.18) 
with                            ( ) 2 2a m dmm
∂ Ψ= ∂∫                                   
The affinity mA  decreases progressively from its initial value 0A , which depends on the 
characteristics related to the concrete mix design. At thermodynamic equilibrium, the reaction 
stops and affinity 0mA = , using (4.18) it follows: 
                                       ( )0A a m∞=                                                                       (4.19) 
Where m∞  is the asymptotic hydrate mass. The affinity is same for two identical concrete 
samples, provided the same initial affinity 0A . Therefore, for a given composition, the hydration 
degree can be intrinsically defined in following way: 
  ( ) ( )m tt
m
ξ
∞
=             0 1ξ≤ ≤                                                        (4.20) 
Furthermore, definition (4.20) together with (4.18) and (4.19) allows one to rewrite the kinetics 
law (4.17) in the form: 
                         ( ) exp aEdA
dt RT
ξξ ⎛ ⎞= ⎜ ⎟⎝ ⎠
  ; ( ) ( ) ( )exp ad EA g f T
dt RT
ξ ξ ξ⎛ ⎞= ⋅ = ⋅⎜ ⎟⎝ ⎠
           (4.21) 
where ( )A ξ  can be considered as normalized affinity [ ( ) ( ) ( )mA Aξ ξ η ξ ∼ ], which accounts 
for the thermodynamic nonequilibrium ( )mA ξ , as well as for the nonlinear diffusion process, 
expressed by ( )η ξ , of free water through the increasing layers of hydrates already formed. The 
rate of hydration at a given degree of hydration is a function of temperature only. 
 
It may be useful to introduce the maturity M , widely used to describe the effect of hydration 
kinetics on the evolution of the mechanical properties of concrete. It is defined as: 
                                      ( )
0
1 1exp
t
e
ref
EM t t dt
R T T
⎡ ⎤⎛ ⎞= = − −⎢ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦∫                                          (4.22) 
Using (4.22) in (4.21) reduces the kinetics law to an ordinary differential equation: 
                                              ( ) ( )0exp ad E RT AdM
ξ ξ= − i                                                      (4.23) 
And it reveals the existence of unique relation between the maturity M and hydration degreeξ . 
 
Hydration kinetics can be followed only indirectly through the effects the phenomenon induces, 
i.e. through its cross-effects with heat generation, strength evolution or autogenous shrinkage. 
The hydration kinetic can be determined by exploring the Maxwell-symmetries of the modeling, 
provided that the order of coupling is known. The data of adiabatic calorimetric experiments and 
isothermal strength evolution tests is used to determine the hydration kinetic.  
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4.2. Temperature development 
 
The temperature distribution can be obtained by applying the thermodynamic energy 
conservation to space and time domain of interest, and convert from equation(4.16): 
                                               ( )CT Q H div q= + −                                                                (4.24) 
                                                    q k T= − ∇  
Where C  denotes the heat capacity per unit volume, Q is the internal heat source associated to 
hydration reaction, H  is the external heat source, q  is the heat flux. k  is the thermal 
conductivity. 
 
Boundary condition: 
• A boundary with prescribed temperature TA  
• A boundary with prescribed heat flux fA , Tnq q n h= =  
• A convection boundary cA , ( )nq T Tα ∞= −  
• Heating or cooling pipe 
ic
L , ( )wq T Tβ= −  
 
The heat of hydration is expressed in the simple three parameter equation, which is commonly 
used in engineering practice (Freiesleben 1977): 
                                          ( ) exp
e
Q Q t Q
t
ατξ∞ ∞
⎛ ⎞⎛ ⎞⎜ ⎟= ⋅ = −⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
i                                        (4.25) 
 
4.3. Mechanical model: elastic modulus and tensile strength 
 
In the present study, the modified version of CEB-FIP MC 1990 is used to describe the 
development of the compressive strength, tensile strength and modulus of elasticity (Kanstad, 
1999): 
                            ( ) ( )
0
2828 exp 1c e c
e
f t f s
t t
⎧ ⎫⎡ ⎤⎛ ⎞⎪ ⎪= ⋅ −⎢ ⎥⎜ ⎟⎨ ⎬⎜ ⎟−⎢ ⎥⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭
i                                               (4.26) 
                           ( ) ( )
0
2828 exp 1
tn
t e t
e
f t f s
t t
⎧ ⎫⎡ ⎤⎛ ⎞⎪ ⎪= ⋅ −⎢ ⎥⎜ ⎟⎨ ⎬⎜ ⎟−⎢ ⎥⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭
i                                               (4.27) 
                          ( ) ( )
0
2828 exp 1
En
c e c
e
E t E s
t t
⎧ ⎫⎡ ⎤⎛ ⎞⎪ ⎪= ⋅ −⎢ ⎥⎜ ⎟⎨ ⎬⎜ ⎟−⎢ ⎥⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭
i                                             (4.28) 
0t  is introduced to identify the start of significant mechanical properties development, and it 
might be determined from a TSTM test, it is the time at which stiffness achieves value high 
enough to produce measurable stresses. The parameter  s  was determined from the compressive 
strength development, whereas parameters tn  and En  were determined from the tensile strength 
and E-modulus tests, respectively. 
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4.4. Viscoelastic properties 
 
4.4.1. Creep compliance  
 
• Double power law 
 
The creep of concrete at constant moisture and thermal state may be well described by power 
curves of load durations t t′− , and by inverse power curves of age t′ at loading. This leads to the 
most well known compliance function: Double-Power law, Bažant and Panula (1978)                                        
                 ( ) ( )( )1
0 0
1, nmJ t t t t t
E E
ϕ α−′ ′ ′= + + −                                               (4.29) 
 
The Double power law is originally proposed for hardened concrete. It was modified to describe 
the creep property of early age concrete by taking into account the aging characteristics of 
young concrete: 
                                    ( ) ( ) ( ) ( )0
1, 1 d pJ t t t t t
E t
ϕ −⎡ ⎤′ ′ ′= + −⎣ ⎦′ i                                           (4.30) 
 
• Creep under various isothermal temperatures  
 
Temperature exerts a significant influence on the concrete creep. Heating of concrete accelerates 
creep but it also accelerates hydration which tends to reduce creep. Creep of sealed specimen at 
various isothermal temperatures is generalized by introducing the equivalent time at loading and 
the equivalent creep duration, which are calculated with (Bažant, 1988): 
                          ( )
0
t
e Tt dβ τ τ′′ = ∫               ( )te Ttt t dβ τ τ′′ ′− = ∫                                (4.31) 
Based on activation energy theory: 
                                             ( ) ( )0
1 1exp hT
Ut
R T T t
β ⎧ ⎫⎛ ⎞⎪ ⎪= −⎜ ⎟⎨ ⎬⎪ ⎪⎝ ⎠⎩ ⎭
                                             (4.32) 
( ) ( )0
1 1exp cT
Ut
R T T t
β ⎧ ⎫⎛ ⎞⎪ ⎪′ = −⎜ ⎟⎨ ⎬⎪ ⎪⎝ ⎠⎩ ⎭
                                              (4.33) 
Where T =absolute temperature, 0T =reference temperature, hU  and cU = activation energies of 
cement hydration and creep, respectively. The equivalent hydration period at the moment of 
loading, et′ , represents the period needed at reference temperature 0T  to achieve the same degree 
of cement hydration as that achieved at actual temperature T  during the actual time period t′  up 
to the moment of loading. The equivalent creep duration  et t′−  represents the creep duration at 
reference temperature 0T  that gives the same creep strain as that obtained after load duration 
t t′−  at actual temperatureT .  In present study, it is assumed that h cU U= . 
 
• Transient creep under temperature changes 
 
Bažant (1985a) assumed that the creep rate depends on the micro diffusion of water between the 
macropores and the micropores in the cement gel. Since the microdiffusion is driven by a 
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humidity- and temperature gradient, the rate depends on pore humidity h  and temperatureT . 
Bazent proved mathematically that this theory is equivalent to the assumption about stress-
induced shrinkage and stress-induced thermal strain. 
 ( )1T T
t
T sign H
f
σε α ρ⎛ ⎞Δ = Δ + Δ⎜ ⎟′⎝ ⎠i i i                                             (4.34) 
  ( )1h
t
k h r sign H
f
σε ⎛ ⎞Δ = Δ + Δ⎜ ⎟′⎝ ⎠i i i                                                 (4.35) 
H h c TΔ = Δ + Δ                                                               (4.36) 
 
Jonasson (1994) first applied this theory to young concrete. Assuming that for young concrete 
the temperature change dominates: 
 ( ) ( )sign H sign TΔ = Δ                                                       (4.37) 
And the stress-induced thermal strain is: 
( )T T
ct
T sign T
f
σε α ρΔ = Δ Δi i i                                                 (4.38) 
Where ctf  is tensile strength dependent on maturity. The equation (4.38) is applied in the 
analysis of the test results of transient thermal creep, and the parameter ρ  is determined for 
hardened and young concrete. 
 
4.5. 1-D analysis of restraint stress development in the TSTM 
 
Thermal dilation and autogenous deformation occur simultaneously in the concrete specimens in 
the stress rig and the dilation rig. The amount of stress generated by thermal dilation and 
autogenous shrinkage in a given time interval depends on the degree of restraint in the stress rig, 
the elastic modulus, and the creep/relaxation properties of the concrete. Figure 4-1 illustrates the 
interplay of these factors in a TSTM test, each of which changes with time.  
 
 
                   Figure 4-1 The main factors inducing restraint stress in TSTM test  
 
The integral type of formulation which is used in the 1-D analysis of the restraint stress 
development in the TSTM is given as: 
                                             ( ) ( ) ( ) ( )
0
0,
t
t
t J t t d t tε σ ε′ ′= +∫                                                   (4.39) 
To describe the stress and strain histories according to the principle of superposition, the time 
history is subdivided into time intervals: 
Autogenous Shrinkage 
Thermal Dilation 
Drying Shrinkage 
(if not sealed) 
Free Deformation Viscoelastic Properties
E-Modulus Creep/Relaxation 
Degree of 
Restraint 
Concrete 
Stress σ(t)
Tensile 
Strength ft(t)
××× = 
Type of 
Structure 
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                                             ( ) ( ) ( )0
1
,
n
n n j j n
j
t J t t tε σ ε
=
= ⋅ Δ +∑                                           (4.40) 
For continuously varying strain, the second order algorithm (Bažant and Najjar, 1973), which is 
based on approximating the integral by the trapezoidal rule, is used to calculate the stress due to 
a strain increment (or decrement) jεΔ  occurring during the time jtΔ , and a good accuracy can 
be achieved. The stress increment  jσΔ  is assumed applied in the middle of the j th interval (at 
time 1 2jt − ). The total loaded induced strain at the end of the j th interval is the sum of the strains 
due to stress increments, jσΔ , applied during all the previous increments. 
                                          ( ) ( ) ( )1 2
1
,
j
el j cr j j i j
i
t t J t tε ε σ−
=
+ = ⋅Δ∑                                               (4.41) 
Where                                              ( )1 2 112i i it t t− −= −  
The constitutive behavior of young concrete in stress rig (TSTM) is defined by equation as 
proposed by the CEB-FIP (1991), the strain rate jεΔ  at time jt  may be composed to thermal-, 
autogenous- and creep- and transient thermal creep strains.    
                          ( ) ( ) ( ) ( ) ( ) ( )j th j sh j el j cr j ttc jt t t t t tε ε ε ε ε εΔ = Δ + Δ + Δ + Δ + Δ                       (4.42) 
with                  ( ) ( ) ( ) ( )11 2 1 1 2
1 1
, ,
j j
el j cr j j i i j i i
i i
t t J t t J t tε ε σ σ
−
− − −
= =
Δ + Δ = ⋅Δ − ⋅ Δ∑ ∑                    (4.43) 
                                           ( ) ( ) ( )1th j th j th jt t tε ε ε −Δ = −                                                      (4.44) 
                                           ( ) ( ) ( )1sh j sh j sh jt t tε ε ε −Δ = −                                                     (4.45) 
                                          ( ) ( )( )jttc j T j j
t
t T
f t
σε α ρΔ = Δ i                                                      (4.46) 
Where ε =measured strain in TSTM; thε =thermal dilation; shε =autogenous shrinkage; 
elε = elastic strain; crε =creep strain; ttcε = transient thermal creep strain. 
 
Free deformation measured in Dilation rig under different temperature are the sum of thε  and shε , 
and is directly used in the stress calculation. Stress increment at time jt  can be determined as: 
 
( ) ( )( )
( ) ( ) ( ) ( ) ( )( ) ( )( )
1 2
1
1
1 2 1 1 2
1
1
,
, ,
j
j j T j j
j
j
j th j sh j j i j i i T j
i j
J t t T f t
t
t t t J t t J t t T
f t
σ α ρ
σε ε ε σ α ρ
−
− −
− − −
=
Δ = ⋅+ Δ
⎧ ⎫⎡ ⎤⎪ ⎪Δ − Δ + Δ + − ⋅Δ + Δ⎢ ⎥⎨ ⎬⎢ ⎥⎪ ⎪⎣ ⎦⎩ ⎭
∑
 (4.47) 
 
4.6. 3- D finite element model of concrete structure 
 
In a numerical analysis concrete is treated as a homogeneous material, therefore the calculated 
stresses are not representative for e.g. the boundary zones around aggregate, but represent only 
regions with a size larger than some characteristic dimension, e.g. the maximum aggregate size. 
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4.6.1. Solution of the thermal problem 
 
The finite element equations are formulated using the Galerkin weighting procedure, and this 
procedure extends the equilibrium to a finite volume, 
                             ( )
V V V
vdiv q dV v cTdV vQdVρ+ =∫ ∫ ∫                                         (4.48) 
Where v  is the scalar weighting function and  V  is the volume of the structure. 
Use of the Green-Gauss theorem and introduction of the boundary conditions gives: 
                         
( )
( ) ( )
T f
c ci
T
nV V A A
wA L V
v k TdV v cTdV vq dA vhdA
v T T dA v T T dL vQdV
ρ
α β∞
∇ ∇ + = − −
− − − − +
∫ ∫ ∫ ∫
∫ ∫ ∫

                           (4.49) 
In the finite element method the structure is divided into discrete element. The temperature field 
and the temperature gradient are approximated as the linear function of the nodal temperature. 
                      T NT=                T NT BT∇ = ∇ =                                                 (4.50) 
Where N  is the matrix of temperature interpolation function and T  is the vector of nodal 
temperature. Application of equation(4.50) to each finite element gives: 
                            ( )ic cK K K T CT R+ + + =                                                (4.51) 
Where T
V
K B kBdV= ∫  is the thermal conductivity matrix, 
c
T
c A
K N NdAα= ∫  is the convection matrix, i
ci
T
c L
K N NdLβ= ∫  is the internal convection matrix, 
T
V
C cN NdVρ= ∫  is the specific heat capacity matrix, 
f T c ci
T T T T T
n wA A A L V
R N hdA N q dA N T dA N T dL N QdVα β∞= − − + + +∫ ∫ ∫ ∫ ∫  is the load vector. 
 
4.6.2. Solution of the mechanical problem  
 
The starting point for numerical analysis of the development of stresses in time is the 
incremental formulation of the principle of virtual work, 
T T T
V V A
dV u gdV u tdAδε σ δ δ= +∫ ∫ ∫                                                 (4.52) 
The displacements are approximated by interpolation of the nodal displacement: 
                         u Nv=              u Nv Bvε = Δ = Δ =                                                   (4.53) 
                ( )T T T T T TV V Av B dV v N gdV N tdA v rδ σ δ δ= + =∫ ∫ ∫                                      (4.54) 
                                            T
V
B dV rσ =∫                                                                  (4.55) 
The constitutive relation for aging viscoelastic material is given via creep compliance or 
relaxation compliance, and can be solved by integral or differential formulation. (Bosnjak, 2001) 
                                  ( ) ( ) ( ) ( )
0
0,
t
t
t J t t Cd t tε σ ε′ ′= +∫                                                  (4.57) 
( ) ( ) ( ) ( )
0
0,
t
t
t R t t Dd t tσ ε σ′ ′= +∫                                               (4.58) 
C and D  are dimensionless matrix that relate the three-dimension deformation state to the one-
dimensional creep or relaxation function by using Poisson’s ratio v .  
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( )
( )
( )
1 0 0 0
1 0 0 0
1 0 0 0
0 0 0 2 1 0 0
0 0 0 0 2 1 0
0 0 0 0 0 2 1
v v
v v
v v
C
v
v
v
− −⎡ ⎤⎢ ⎥− −⎢ ⎥− −⎢ ⎥= ⎢ ⎥+⎢ ⎥⎢ ⎥+⎢ ⎥+⎣ ⎦
, 1D C −=              (4.56) 
 
The temperature gradient depends on the total quantity of hydration heat, boundary conditions, 
thermal properties, and discontinuity in geometry and material properties. The stress gradient 
depends on temperature distribution, mechanical properties, restraint conditions, discontinuity in 
geometry and material properties, etc.  
 
In thermal stress analysis the element model must permit same level of complexity for the strain 
field as for the temperature field. Since the stresses are less accurate than displacements and 
temperatures, stress calculations need finer mesh than temperature calculations, and the order of 
the element in stress analysis has to be of higher order than the element in temperature analysis. 
If the same element model is used in both analyses, the requirements of stress analysis are 
usually decisive. 
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5. Test results, modelling and discussion 
 
The results of comprehensive experimental work are described in this chapter. With regard to 
various properties, the analysis of the results is divided into six parts. In the first part, the 
influence of mineral additives on the volume change of early age concrete under realistic 
temperature is investigated, and the relative importance of TD and AD is evaluated. In the 
second part, the influence of mineral additives on the hydration heat and mechanical properties 
such as modulus of elasticity, compressive strength and tensile strength are studied. The results 
of creep tests in compression and tension are presented in the third part and the influence of 
mineral additives on the creep properties and comparison of viscoelastic properties in 
compression and tension is also discussed in this part. In the fourth part, the results of transient 
thermal creep tests are presented and the temperature influence on the creep properties is further 
discussed. The test results of restraint stress measurement in TSTM are described in the fifth 
part. In the last part, the compressive or/and tensile creep data is applied in the restraint stress 
analysis, and their influence on the stress development is investigated, and temperature effects 
are further studied by different approaches based on the maturity concept. 
  
5.1. Volume changes 
 
The free deformations of concrete specimen under sealed conditions and realistic temperature 
history, i.e. thermal dilation and autogenous deformation, are measured in the Dilation Rig, as 
shown in Figure 5-1 and Figure 5-3. Because the test is performed with a stepwise temperature 
history the coefficient of thermal expansion can be calculated within each temperature step, and 
the total deformation separates into thermal dilation and autogenous deformation. (Bjøntegaard, 
1999) The test results for each concrete, based on the tests performed by Bjøntegaard (2003), are 
presented in Appendix A. 
 
The calculated CTEs and autogenous deformations are shown in Figure 5-2 and Figure 5-4 for 
concrete containing different percentage of mineral additives, such as FA and BFS (FA and BFS 
contents are given as percentage of cement weight). The calculated CTEs show that CTEs 
gradually increase from the time of setting, and after 2-3 days the value of CTEs becomes 
approximately constant. The replacement of cement with FA or BFS reduces the CTE, and the 
higher percentage of replacement, the lower the calculated CTE is, but the influence of FA on 
CTE is more pronounced than that of BFS, for example, the calculated CTE of 100% BFS is 
9.40×10-6/ºC at 318 hours after casing, and it is 8.80×10-6/ºC for 100% FA at the same time.  
 
The CTE is then modeled by using equivalent time (Bjøntegaard and Sellevold, 2002): 
     ( ) ( ) ( ) ( )0 28 0
0
28exp 1
CTEn
e CTE
e
CTE t CTE t CTE t CTE t s
t t
⎧ ⎫⎡ ⎤⎛ ⎞⎪ ⎪= + − −⎡ ⎤ ⎢ ⎥⎜ ⎟⎨ ⎬⎣ ⎦ ⎜ ⎟−⎢ ⎥⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭
i i  Equation Section (Next)  (5.1) 
Where et  is the equivalent time, ( )0CTE t  and ( )28CTE t  are the calculated CTE at t0 and 28 
days, CTEs  and CTEn  are model parameters which can be determined from experimental data. 
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The CTE model gives good agreement with the calculated results, except for the NL-slag 
concrete, as shown in Figure 5-5, the calculated CTE of NL slag concrete was 10.0×10-6/ºC at 
23 hours after casting, and it dramatically decreased to 7.5×10-6/ºC at 27 hours, and then 
increased to 10.0×10-6/ºC at 68 hours. Comparison of the autogenous deformation deduced by 
using modeled CTE and calculated CTE for NL-slag concrete is also shown in Figure 5-5, 
although the CTE model can not take into account the measured dramatic decrease of CTE from 
23 hours to 27 hours, the maximum difference during the expansion period between two 
separated autogenous deformations is about 18μ.       
 
Table 5.1 Parameters of CTE Model 
Concrete ( )0CTE t  ( )28CTE t  CTEs  CTEn  0t (hours) 
Reference 8.00 11.00 0.59 0.15 8.0 
SV 40* 7.50 10.70 0.17 0.71 8.0 
40% FA* 7.00 9.50 0.31 0.69 9.5 
60% FA* 7.00 9.00 0.58 0.43 10.5 
100% FA 8.00 8.80 1.46 1.33 11.0 
40% BFS 7.50 10.40 0.28 0.75 8.8 
60% BFS 8.00 10.20 0.31 0.75 8.8 
100% BFS 7.50 10.00 0.45 0.78 9.0 
NL-slag* 8.00 10.50 0.71 0.30 16.0 
 
The replacement of cement with BFS did not have significant influence on the development of 
autogenous deformation. Except for NL-slag concrete, a large volume of expansion appears 
during the first 2 days, and the reason for this phenomenon is not clear. The replacement of 
cement with FA have certain influence on the development of autogenous deformation, and 
expansion deformation appears in 40% and 60% FA* concrete. 
 
The total deformation is then separated into TD and AD, and the details are presented in 
Appendix A for each concrete, and two examples performed in parallel in the dilation rig and 
the TSTM are shown in Figure 5-6 for the reference and the 100% FA* concrete. The strain 
developments in the Dilation rig and the TSTM are almost same. The main part of the 
autogenous shrinkage is developed during first 2-4 days, and then the thermal shrinkage during 
the cooling period is the dominating part of the free deformation.  
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Figure 5-1 Temperature and free strain in the Dilation Rig for concretes containing BFS 
(free strains are zeroed at t0 as shown in Table 5.2) 
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Figure 5-2 Calculated CTE and autogenous deformation for concretes containing BFS 
(Autogenous deformation are zeroed at t0 as shown in Table 5.2) 
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Figure 5-3 Temperature and free strain in dilation rig for concretes containing FA (free 
strains are zeroed at t0 as shown in Table 5.2) 
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Figure 5-4 Calculated CTE and autogenous deformation for concretes containing FA 
(Autogenous deformation are zeroed at t0 presented in Table 5.2) 
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Figure 5-5 Calculated and modeled CTE and separated autogenous deformation (NL-slag*)   
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Figure 5-6 Separation of total deformation into TD and AD based on the modeled CTEs  
 
5.2. Influence of mineral additives on material properties 
 
The detailed experimental data of hydration heat and mechanical properties, such as 
compressive strength, modulus of elasticity, splitting tensile strength and direct tensile strength 
are presented in the appendix B.  
 
The semi-adiabatic hydration heat for all the concretes were measured at the concrete 
laboratories at both NTNU and SVV. The compressive strength and E-modulus tests were 
performed at SVV at several ages under 20ºC conditions. In most of the cases, only 28-day 
compressive strength and E-modulus were measured at NTNU. Splitting tensile strength tests 
were performed at NTNU and SVV at different ages, and then splitting strength were transferred 
to the uniaxial tensile strength by empirical function proposed by Kanstad (1999). Several direct 
tensile strength tests were carried out in the TSTM after the restraint stress tests under realistic 
temperature histories. The data is presumably close to the development of direct tensile stress in 
real concrete structures, and gives valuable information in the prediction of the cracking risk. 
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5.2.1. Hydration heat 
 
The hydration heat development versus maturity is shown in Figure 5-7, and the adiabatic 
temperature is shown in Figure 5-8. The replacement of cement with the mineral additives such 
as FA and BFS significantly reduces the hydration heat. The increase of maximum adiabatic 
temperature of 100% BFS reduces 28% compared to that in reference concrete, for the 100% FA 
mix the reduction is 34%. 
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Figure 5-7 Hydration heat developments of concretes containing BFS and FA 
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Figure 5-8 Adiabatic temperature developments in BFS and FA concretes 
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Table 5.2 Adiabatic temperature  
concrete Tinitial (ºC) TMaximum (ºC) ΔT(ºC) (ΔTreference-ΔT)/ ΔTreference 
Reference 69.0 49.0  
SV 40* 71.7 51.7  
40% FA* 57.5 37.5 23% 
60% FA* 
20 
53.3 33.3 32% 
60% FA*(11ºC) 11 44.3 33.3 32% 
100% FA 52.3 32.3 34% 
40% BFS 59.8 39.8 19% 
60% BFS 57.4 37.4 24% 
100% BFS 55.0 35.0 28% 
NL-slag* 
20 
57.6 37.6 23% 
 
The heat production is described by the frequently used three-parameter equation originally 
proposed by Freiesleben-Hansen (1977) at Ålborg University: 
                                               ( ) expe
e
Q t Q
t
ατ
∞
⎡ ⎤⎛ ⎞⎢ ⎥= −⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
i                                                        (5.2)
Where Q∞ is the asymptotic value of the produced heat, while τ and α are model parameters, 
which are determined from experimental data, see Table 5.3 below. The activation energy is 
determined by strength development at several isothermal temperature histories. For temperature 
calculation the most important input parameters, in addition to the produced heat and heat 
capacity, are the heat conductivity and the boundary conditions (connectivity and ambient air 
temperature) at the various surfaces of the structure. 
 
 Table 5.3 Parameters of thermal properties 
Heat production Activation energy (1/oK) Concrete type Binder(1) 
kg/m3 
Q∞ 
(kJ/kg binder) τ (h) α A B 
Thermal 
conductivity 
kJ/msºC 
Specific 
heat 
J/kgºC 
Reference 378 336 14.00 1.03 33500(2) 1400(2) 0.0022(2) 1.04(2) 
Basic 5 391 323 17.18 1.56 25000 1470 0.0026 1.04 
Recipe D-40%BFS 382 286 18.95 0.84   0.0024  
Recipe E-60%BFS 384 274 21.97 0.78   0.0024  
100%BFS 386 292 33.05 0.60     
Recipe C-40%FA* 382 244 20.12 1.39 26574 1030 0.0024 1.07 
Recipe B-60%FA* 384 215 21.86 1.17 36192 1136 0.0024 1.07 
60%FA*(11ºC) 382 222 17.34 1.15   0.0024  
100%FA 386 202 21.12 1.10     
Recipe A-SV40* 424 319 15.04 1.34 21966 2699 0.0026 1.06 
NL slag* 389 263 28.01 1.32 33648 2680  1.06 
(1) Binder=Cement + Silica fume + Fly ash + Blast furnace slag 
(2) The default value used in the analysis if the test data are not available 
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5.2.2. Modulus of elasticity and compressive strength 
 
The measured compressive strength of the reference concrete and the concretes containing 40, 
60 and 100% FA or BFS are shown in Figure 5-9 and Figure 5-10 (FA and BFS contents are 
given as percentage of cement weight). The replacement of cement with FA or BFS has 
significant influence on the development of the compressive strength, and the 28-day 
compressive strength of 100% FA concrete is only 55% of that of reference concrete at 20ºC 
curing condition. In general, the higher the mineral additives content the lower the compressive 
strength.  
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Figure 5-9 Compressive strengths of reference and 40, 60 and 100% FA concrete (SVV) 
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Figure 5-10 Compressive strengths of reference and 40, 60 and 100% BFS concrete (SVV) 
 
The elastic modulus of the reference concrete and the concretes containing 40, 60 and 100% FA 
or BFS are shown in Figure 5-11 and Figure 5-12. The replacement of cement with FA or BFS 
has moderate influence on the 28-days elastic modulus, but the elastic modulus development at 
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very early age (less than 1 day) is considerably affected by the slow development of the 
pozzolanic reaction, and the higher the content of FA is, the lower is the elastic modulus at early 
ages. 
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Figure 5-11 Elastic modulus of reference and 40, 60 and 100% FA concrete (SVV)  
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Figure 5-12 Elastic modulus of concretes containing 0, 40, 60 and 100% BFS  
 
5.2.3. Tensile strength 
 
The tensile strength has been determined based on a large number of tests. In general splitting 
tensile tests (cylinders) have been carried out by SVV, while both splitting tensile tests (100 mm 
cubes) and the uniaxial tests have been performed at NTNU. Although the test program is 
comprehensive, the evaluation is complicated due to the influence of test methods, test specimen, 
loading age and temperature history.  
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The measured splitting tensile strengths development of concretes containing 0, 40, 60 and 
100% FA and BFS are presented in Figure 5-13. The development of splitting tensile strength is 
significantly affected by the replacement of cement with FA or BFS. The 28-day splitting tensile 
strength of 100% FA concrete is 3.5 MPa while the value reaches 5.5 MPa for reference 
concrete at 20ºC curing condition.  
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Figure 5-13 Splitting tensile strength of concretes containing different percentages of FA 
and BFS 
 
The following relation was applied to determine the uniaxial tensile strength from splitting 
tensile strength of cubes (Kanstad, 1999): 
                                            0.76 0.20t tsf f= +i  
The results are presented in Appendix B, and used to determine model parameters for the tensile 
strength development. 
 
The mechanical properties such as E-modulus, compressive and tensile strength are usually 
modeled as function of maturity age or degree of hydration. The limitation of this approach is 
that the direct influence of temperature on the final values of material properties is not taken into 
account, for example the fact that high curing temperatures may result in lower final 
compressive strength. The recent observations (Kanstad, 1999) have shown different 
temperature sensitivities for the E-modulus, compressive and tensile strength. It was also found 
that the loss of the final strength and E-modulus is less pronounced for high performance 
concrete under realistic temperature histories than under constant temperatures. The modified 
version of CEB-FIP MC 1990 (Kanstad, 1999) is then used to describe the development of the 
compressive strength, tensile strength and modulus of elasticity: 
                            ( ) ( )
0
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t t
⎧ ⎫⎡ ⎤⎛ ⎞⎪ ⎪= ⋅ −⎢ ⎥⎜ ⎟⎨ ⎬⎜ ⎟−⎢ ⎥⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭
i                                                     (5.3) 
                           ( ) ( )
0
2828 exp 1
tn
t e t
e
f t f s
t t
⎧ ⎫⎡ ⎤⎛ ⎞⎪ ⎪= ⋅ −⎢ ⎥⎜ ⎟⎨ ⎬⎜ ⎟−⎢ ⎥⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭
i                                                     (5.4) 
                          ( ) ( )
0
2828 exp 1
En
c e c
e
E t E s
t t
⎧ ⎫⎡ ⎤⎛ ⎞⎪ ⎪= ⋅ −⎢ ⎥⎜ ⎟⎨ ⎬⎜ ⎟−⎢ ⎥⎝ ⎠⎪ ⎪⎣ ⎦⎩ ⎭
i                                                    (5.5) 
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A concept of 0t  is introduced to identify the start of significant development of mechanical 
properties. 0t  is the time at which stiffness achieves value high enough to produce measurable 
stresses, and it is suggested by Bjøntegaard (1999) that for practical reason it can be determined 
from TSTM test as the time when the stress reaches 5% of the maximum compressive stress 
under full restraint.   The parameter  s  was determined from the compressive strength tests, 
whereas the parameters tn  and En  were determined from the tensile strength and E-modulus 
tests, respectively. 
 
The data of compressive strength and E-modulus measured at different ages at the SVV 
laboratory were used to determine parameters s  and En , but the 28-day compressive strength 
and elastic modulus were directly determined by the test results from NTNU. Splitting tensile 
strength measured at the NTNU laboratory was transferred to uniaxial tensile strength to 
determine the parameter tn , while the 28-days value 28tf  was determined from the most relevant 
test which is the uniaxial test of specimens after restraint stress test in TSTM under realistic 
temperature histories. 
 
Table 5.4 Model parameters for mechanical properties 
Concrete ( )28cf MPa  ( )28tf MPa  ( )28cE MPa  s  En  tn  0t (hrs) 
Reference 62.9 3.88 35000 0.256 0.312 0.629 8.0 
Basic 5 81.0 4.44 34300 0.173 0.394 0.658 8.0 
Recipe D-40% BFS 54.8 3.89 33700 0.368 0.300 0.605 8.8 
Recipe E-60%BFS 52.8 3.34 32200 0.433 0.327 0.604 8.8 
100%BFS 41.0 2.91 32200 0.549 0.291 0.618 10.5 
Recipe C-40%FA* 47.2 3.32 32900 0.363 0.253 0.623 9.5 
Recipe B-60%FA* 41.2 3.20 33360 0.418 0.251 0.561 10.5 
100%FA 35.0 2.85 27100 0.564 0.325 0.560 11.0 
Recipe A-SV40* 65.1 3.86 31700 0.197 0.421 0.722 8.0 
NL slag* 47.4 3.30 34600 0.430  0.766 16.0 
(1) 28cf  and 28E  is directly determined from test results from NTNU 
(2) The data for Basic 5 is from previous tests conducted in NTNU 
 
The modeling of mechanical properties for concrete mixes with different BFS content is 
presented in Figure 5-14 to Figure 5-16. The development of E-modulus and tensile strength 
versus compressive strength development, as shown in Figure 5-17, is similar for the reference 
and BFS concretes with same w/b ratio, the parameters En and tn are rather invariant for those 
concretes as shown in Table 5.4. This implies that the development of mechanical properties of 
concretes containing different percentage of BFS with same w/b ratio can be derived from test 
of one BFS concrete, but more experimental data is needed to verify this relation which is useful 
in engineering practice. Due to the difference of w/b ratio between the SV 40* concrete and the 
reference and BFS concretes, the SV 40* concrete shows relatively slow development in E-
modulus and tensile strength. 
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a) Compressive strength                                    b) Relative compressive strength 
Figure 5-14 Development of compressive strength for concretes with different BFS content 
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a) E-modulus                                                     b) Relative E-modulus 
Figure 5-15 Development of E-modulus for concretes with different BFS content 
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a) Tensile strength                                             b) Relative tensile strength 
Figure 5-16 Development of tensile strength for concretes with different BFS content 
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Figure 5-17 Development of mechanical properties versus compressive strength 
                       development for concretes with different BFS content 
 
The modeling of mechanical properties for concrete mixes with different FA content is 
presented in Figure 5-18 to Figure 5-20. It is surprising that the E-modulus of the concrete 
mixes with 60% FA and 40% FA are 10% higher than that of the SV40 concrete at 28 days after 
casting. Only one set of E-modulus test was performed for the 40% FA, 60% FA, and the SV40 
concrete, the uncertainty due to the variation of the test results is not take into account in the 
model. The development of E-modulus and tensile strength versus compressive strength 
development is shown in Figure 5-21, and the relation is slightly different for the reference and 
the FA concretes with same w/b ratio. The w/b ratio has similar effect on the development of 
relative mechanical properties between the SV* 40 concrete and the FA concretes.  
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a) Compressive strength                                                   b) Relative compressive strength 
Figure 5-18 Development of compressive strength for concrete with different FA content 
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a) E-modulus                                                    b) Relative E-modulus 
Figure 5-19 Development of E-modulus for concrete with different FA content 
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a) Tensile strength                                                b) Relative tensile strength 
Figure 5-20 Development of tensile strength for concrete with different FA content 
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Figure 5-21 Development of mechanical properties versus compressive strength  
                        development for concrete with different FA content 
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5.3. Viscoelastic properties 
 
The measured creep under sealed conditions is traditionally defined as basic creep. But for 
HPC/HSC the sealed condition can not eliminate the internal drying during the hardening 
process due to low water/cement ratio. The term sealed creep is therefore used to characterize 
the creep occurring under sealed conditions. 
 
As described in the previous chapter, totally 14 compressive and 15 parallel tensile creep tests 
have been performed in the creep rigs under nearly the same conditions, and the measured strain 
developments of the loaded and dummy specimens are fully shown in Appendix C. One tensile 
creep test was performed both in the creep rig and in the modified TSTM at age of 2 days for the 
reference concrete to check the consistency.  
 
In this section, the results of creep tests in both tension and compression are presented and the 
influence of mineral additives on the creep properties is studied, and the comparison of the 
tensile and compressive creep is also discussed.  
 
5.3.1. Creep tests in compression 
 
For each type of concrete, five specimens are cast and stored under 20 ºC in the temperature 
control room. All five specimens are demoulded at 2 days, and covered with aluminum foil 
immediately to prevent evaporation of water. Three of them (two loaded specimens and one 
dummy) are used to conduct creep test at 2 days age, and the other two (two loaded specimens) 
are used to conduct the creep test at 7 or 8 days.     
 
The temperature and humidity history in the test room during the compressive creep test are 
shown in Figure 5-22 for the SV 40* concrete and the measured deformations in three 
specimens (two loaded and one dummy) are shown in Figure 5-23. The load was applied at 2 
days and was about 30% of the compressive strength at loading time. Although the measured 
strains in the three LVDT’s have large scatter in the loaded specimen, the average strains in two 
specimens are similar and are about 800 μ after one week of loading. The autogenous shrinkage 
measured in the dummy specimen is only about 50 μ, and is relatively small compared to the 
measured strain of the loaded specimen. The elastic plus creep strain is calculated by subtracting 
the autogenous shrinkage from the measured strain of the loaded specimen, and then it is 
divided by the average stress to obtain the compliance function (strain per unit stress), as shown 
in Figure 5-23 e). 
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Figure 5-22 Recorded temperature and humidity development in room during creep test 
(SV 40*) 
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e) Compliance function 
Figure 5-23 The results from compressive creep test on SV 40* concrete at loaded 2 days  
 
The results of the creep tests in compression are presented in Figure 5-24 to Figure 5-31 for the 
different concretes. The calculated elastic compliance (1/E) is also given. It can be seen that the 
earlier the age of loading is, the higher the magnitude of creep. The influence of the concrete 
composition is discussed in a subsequent section.  
 
The simplified version of the Bažant-Panula model (Double Power Law) is used to model the 
creep behavior in the present work. The BP-model follows the principle of linear superposition, 
and the compliance function (elastic and creep compliance) at reference temperature (20ºC) is:  
                                 ( ) ( )
1( , ) 1 pd
c
J t t t t t
E t
ϕ −⎡ ⎤′ ′ ′= + −⎣ ⎦′ i                                                            (5.6) 
Where ( , )J t t′ : Compliance function 
            t′ : Concrete age at loading (day) 
            t : Concrete age (day) 
           ( )cE t′ : Modulus of elasticity at loading time 
           ϕ , d and p : Creep model parameters 
 
When the duration of the loading is same ( 2 1 4 3t t t t′ ′− = − ) for two creep tests performed at 
different loading age, the equation below can be derived from equation(5.6):  
                                         
( )
( )
2 1 1 1
34 3 3
( , ) 1
( , ) 1
d
c
c
J t t E t t
tJ t t E t
−′ ′ −⎡ ⎤ ⎛ ⎞′⎣ ⎦ = ⎜ ⎟′′ ′ −⎡ ⎤ ⎝ ⎠⎣ ⎦
                                                            (5.7) 
 
The parameter d is determined from equation (5.7) and presented in Table 5.5, and then the 
other parameters of the creep model are determined by minimizing the quadratic sum of the 
deviation from the test data. The results show that the DPL is suitable to fit the compressive 
creep data of early age concrete very good for loading ages beyond 2 days. 
 
Table 5.5 Creep parameters in DPL for the compressive creep tests 
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Creep model parameters Concrete ϕ  d p 
Basic 5* 1.15 0.18 0.18 
SV 40* 0.98 0.18 0.19 
FA 40%* 1.23 0.28 0.30 
FA 60%* 1.47 0.24 0.24 
Slag 40% 1.05 0.30 0.32 
Slag 60% 0.77 0.30 0.32 
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Figure 5-24 Compliance function from compressive creep tests at 20ºC (Basic 5*) 
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Figure 5-25 Compliance function from compressive creep tests at 20ºC (reference concrete) 
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Figure 5-26 Compliance function from compressive creep tests at 20ºC (SV 40*)  
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Figure 5-27 Compliance function from compressive creep tests at 20ºC (40% FA*)  
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Figure 5-28 Compliance function from compressive creep tests at 20ºC (60% FA*)   
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Figure 5-29 Compliance function from compressive creep tests at 20ºC (100% FA) 
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Figure 5-30 Compliance function from compressive creep tests at 20ºC (40% BFS)    
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Figure 5-31 Compliance function from compressive creep tests at 20ºC (60% BFS)  
 
5.3.2. Creep tests in tension 
5.3.2.1. Comparison of tensile creep test in modified TSTM and creep rig 
 
Tensile creep tests for the reference concrete were performed in parallel in the tensile creep rig 
and the modified TSTM at a loading age of 2days. The comparison of measured strain in loaded 
and dummy specimen in the parallel tests is shown in Figure 5-32. Although both the measured 
strains in the loaded specimens and the autogenous shrinkages in the dummy specimens are 
different for the parallel tests, the elastic plus creep strain in the creep rig and the modified 
TSTM are quite similar. Furthermore the compliance function in the TSTM test is slightly 
higher than that in the creep rigs the first few days, while they become quite close to each other 
after several days of loading. 
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                               e)   Compliance function of the reference concrete                       
Figure 5-32 The results from parallel tensile creep tests in the tensile creep rig and the 
modified TSTM 
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5.3.2.2. Tensile creep rig 
 
The measured deformations in the two specimens (one loaded and one dummy) are shown in 
Figure 5-33 for the 60% FA* concrete. The load was applied at 7 days and the stress level was 
about 40% of the tensile strength at loading time. The measured strains in the loaded specimen 
in the three LVDTs have some scatter, and the strain instantly increases at loading, but the 
tension load is small and the strain declines during the loading period due to the effect of 
autogenous shrinkage.  The strain in the loaded specimen is about 40 μ after 10 days of loading, 
and the autogenous shrinkage measured in the dummy specimen is in the same order of 
magnitude, and has a dominant influence on the calculated compliance function. The elastic plus 
creep strain is calculated by subtracting the autogenous shrinkage from the measured strain of 
the loaded specimen; afterwards it is divided by the tensile stress to obtain the compliance 
function, as shown in Figure 5-33 d). 
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a) Loaded specimen                                           b) Dummy specimen 
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Figure 5-33 The results from tensile creep test on 60% FA* concrete loaded at 7 days 
 
The results of the creep tests in tension for all the concretes are presented in Figure 5-34 to 
Figure 5-40. The calculated elastic deformations (1/E) are also given. The age of loading 
obviously also has major influence on the development of tensile creep. As discussed above, the 
tensile strength of the specimen at the loading age is very small, and the measured strain in 
Chapter 5 Test results, modelling and discussion 
 89
loaded specimen is in same order as the autogenous shrinkage in the dummy. The uncertainty of 
the tensile creep test at very early age is therefore larger than that of the compressive creep test, 
and some of the test results are even physical unreasonable, for example the compliance 
function of the 60% FA* concrete loaded at 4 days, which decreases 14 days after loading. As a 
result, the DPL model has some difficulties to achieve good agreement with the tensile creep 
test results. However, in order to compare the influence of the compressive creep and the tensile 
creep on the stress development in TSTM, the Double Power Law is applied to model the tensile 
creep data, and the tensile creep parameters determined by minimizing the quadratic sum of the 
deviation from the test data are presented in Table 5.6. 
 
Table 5.6 Creep parameters in DPL for the tensile creep tests 
         Creep model parameters   Concrete  
ϕ  d p 
Reference 0.68 0.26 0.24 
SV 40* 0.97 0.20 0.20 
FA 40%* 1.45 0.44 0.36 
FA 60%* 2.10 0.50 0.30 
NL slag* 1.38 0.40 0.27 
Slag 60% 0.80 0.40 0.40 
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Figure 5-34 Compliance function of tensile creep tests at 20ºC (Reference concrete)  
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Figure 5-35 Compliance function of tensile creep tests at 20ºC (SV 40*)  
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Figure 5-36 Compliance function of tensile creep tests at 20ºC (40% FA*)   
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Figure 5-37 Compliance function of tensile creep tests at 20ºC (60% FA*)   
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Figure 5-38 Compliance function of tensile creep tests at 20ºC (NL Slag*)   
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Figure 5-39 Compliance function of tensile creep tests at 20ºC (60% BFS)  
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Figure 5-40 Compliance function of tensile creep tests at 20ºC (100% BFS)         
 
Two different sets of creep parameters were obtained by fitting the creep model to the 
compressive and tensile test data, and due to the different curvature of the compressive and 
tensile creep data it can be seen that the DPL expresses the former ones considerably better than 
the latter ones.  
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5.3.3. Influence of mineral additives on the creep properties at early ages 
 
5.3.3.1. Creep properties in compression 
 
The development of the compliance functions in compression for concrete mixes with different 
BFS or FA content are presented in Figure 5-41 and Figure 5-42. The replacement of cement 
with BFS does not have significant effect on the development of the compliance function in 
compression, and the compliance functions of concrete mixes with 40% or 60% BFS content are 
only slightly higher than those of the reference concrete. 
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Figure 5-41 Compressive compliance function of concretes containing 0, 40, and 60% BFS 
 
On the other hand, the replacement of cement with FA significantly influences the development 
of the compliance function in compression. As expected, the higher percentage of fly ash the 
concrete contains, the higher is the compliance function when the load is applied at very early 
ages, while the difference of the compliance function between the concrete mixes with different 
FA content seems to reduce with increasing loading ages. 
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Figure 5-42 Compressive compliance function of concretes containing 0, 40, 60, 100% FA 
 
5.3.3.2. Creep properties in tension 
 
The development of the compliance functions in tension for concrete mixes with different BFS 
or FA content is presented in Figure 5-43 and Figure 5-44. The results reveal that the 
replacement of cement with BFS or FA has more pronounced effects on the development of 
compliance function in tension than in compression. The higher the BFS content is, the higher 
the compliance function is, and the compliance function increases systematically with the 
increase of BFS content when the load was applied at 2 days, and the trend is similar when the 
loading age is 7 days. Note that the NL-slagcement consists of 74% slag and 26% cement; hence 
it has clearly the highest BFS content and consequently the highest compliance function among 
the tested concretes in Figure 5-43.  
 
The compliance functions of concrete mixes with FA are lower than that of SV 40* concrete the 
first day when the load is applied at 2 days, but they develop more rapidly and becomes 
significantly higher than that of SV40* concrete after several days of loading. It reaches 150 
/m m MPaμ i  for the concrete with 40% FA after 7 days load duration (at age of 9 days), while 
the corresponding compliance function of the SV40* concrete is only 90 /m m MPaμ i . With the 
slow reaction of FA/BFS, they are expected to have high compliance functions at early ages.  
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Figure 5-43 Tensile compliance functions of concretes containing different percentage of 
BFS   
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   Figure 5-44 Tensile compliance functions of concrete containing 0, 40, and 60% FA* 
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5.3.4. Comparison of creep in compression and tension 
 
The creep test procedures in compression and tension are similar. Both creep tests in 
compression and tension contain one loaded (active) specimen and one unloaded specimen 
(passive). The passive specimen measures the effect of autogenous shrinkage, which results 
from a gradual self-desiccation of the concrete during hydration. The time-dependent strain 
measured in the active specimen results from both creep and autogenous shrinkage. Then the 
time dependent strain measured in the active specimen is compensated for the autogenous 
shrinkage from the passive one in order to determine the creep strain over time, hence it is 
assumed that the two phenomena are independent.  
 
An important point to note in this regard is that the relative importance of the compensation is 
very different in compressive and tensile creep tests. During the tensile creep tests, the applied 
load is small, hence the creep strains (expansion) are quite small and often in the same order of 
magnitude as the autogenous shrinkage from the dummy. Consequently, the compensation 
(autogenous shrinkage) from the dummy is significant compared to the phenomenon under 
study (creep). In compressive creep tests this is not the case, since the loaded specimen is 
subjected to considerably higher stresses and, hence, the relative importance of autogenous 
shrinkage is much less. 
 
For example, the comparison of measured strains in compressive and tensile creep tests for the 
60% FA* concrete is shown in Figure 5-45. The load is applied at 7 days, and the magnitude of 
compressive load is 95KN and is much higher than the tensile load (7 KN), but the compressive 
stress/strength ratio is similar as the tensile stress/strength ratio at the loading time. The 
measured strain in the compressive loaded specimen is about 480 μ, which is about 10 times the 
strain in the tensile loaded specimen. 
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     Figure 5-45 Comparison of measured strains in compressive and tensile creep test 
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The results of the parallel creep tests in both tension and compression for four types of concretes: 
SV40*, 40% FA*, 60% FA*, and 60% BFS, are presented in Figure 5-46 to Figure 5-49. 
 
The compliance function of the SV40* concrete is fairly similar in compression and tension, as 
shown in Figure 5-46. But the compliance functions for the concretes with BFS or FA show 
larger differences in compression and tension, as shown in Figure 5-47 and Figure 5-48, 
especially when the load is applied at very early age. For 60% FA* concrete, the instantaneous 
deformation under tension is lower than that under compression, and the compliance function in 
compression is higher than that in tension within several days after loading. However the rate of 
the compliance function in compression decreases strongly shortly after loading and the 
difference between two compliance function curves reduces by time, and then the total 
compliance function in tension becomes higher than the one in compression. A similar trend is 
also observed in the concrete with 60% BFS.  
 
The creep behavior in compression and tension for early age concretes containing mineral 
additives as we have just seen is quite different. The reason why compressive and tensile creep 
appears to be so different at early age is presently unclear, but the results presented here 
confirms earlier work from the concrete laboratory at NTNU (Atrushi, 2003).  
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Figure 5-46 Comparison between compliance function in tension and compression, SV 40* 
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Figure 5-47 Comparison between compliance function in tension and compression, 40% 
FA*  
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Figure 5-48 Comparison between compliance function in tension and compression, 60% 
FA*  
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Figure 5-49 Comparison between compliance function in tension and compression, 60% 
BFS 
 
5.4. Transient thermal creep 
 
Transitional thermal creep is described as the increase of creep due to temperature change, 
regardless of cooling and heating. The test method of transient thermal creep is previously 
discussed in Chapter 3. 
 
The results of transient thermal creep tests for hardened and young concrete (Basic 5) are 
presented in this part. The free strain measured in the dilation rig and the TSTM tests under 
similar temperature histories with heating-cooling cycles have been compared, and the 
reproducibility between the dilation rig and the TSTM test is discussed. Then the temperature 
effect on the strain development is determined by subtracting the relevant free strain from the 
total strain measured in the TSTM under the same temperature and constant load condition. An 
analytical method is then used to analyse the test data, and its applicability is further discussed. 
 
5.4.1. Test results of hardened concrete 
 
To determine the transient thermal creep, it is necessary to know the free deformation strain 
under variable temperature history. The autogenous shrinkage is negligible for mature hardened 
concrete under sealed conditions, and the free deformation during heating-cooling cycles at 
different times can therefore be measured in the same specimen either in the Dilation Rig or in 
the unrestrained TSTM. The reproducibility in either rig under variable temperature history has 
been verified by comparison of the free strain development in successive cycles with the exactly 
same temperature histories. The changes of the temperature have been moderate, because high 
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temperature will alter the structure of the mature concrete. The temperature histories applied in 
the TSTM and the Dilation Rig are as similar as possible, and the results from parallel 
specimens in the Dilation Rig and the TSTM during the same cycle are also compared. Finally 
the relevant free strain applied to calculate transient thermal creep is determined. 
 
Parallel tests (No.183, Basic 5 concrete, age=1.2 year) were performed in the TSTM and the 
Dilation Rig with the same three cycles of heating-cooling. Compressive load was applied to the 
specimen in the TSTM during the second cycle. The temperature history for the TSTM and the 
Dilation Rig and the compressive load in the TSTM are shown in Figure 5-50, while the 
measured strain development of the two parallel specimens are presented in Figure 5-51. 
 
The measured free strains in the dilation rig develop quickly under heating, but the expansive 
behaviour changes into contraction during the following isothermal period. This phenomenon is 
so called delayed thermal deformation, and it is presumably related to the water redistribution to 
match thermodynamic equilibrium. The phenomenon is less pronounced when the temperature 
is kept constant after cooling. The delayed thermal deformation is also observed in the TSTM 
test, but its magnitude during the first and the third heating-cooling cycle in the TSTM is 
smaller than the magnitude in the dilation rig, and this is possibly due to the restraint in the two 
end heads of the TSTM specimen. The compressive load which is applied during the second 
heating-cooling cycle increases the contraction strain in the TSTM as expected. 
 
Particular attention is paid to the rapid strain evolution at high rate of temperature changes 
(approximate 15ºC/hr), and the relationship between strain development and temperature 
increase/decrease is plotted in Figure 5-52. The free strain developments in the dilation rig and 
the TSTM test during the first temperature increase are quite similar, and the measured strain in 
the TSTM under compressive load is apparently lower than the free strain when the temperature 
increases second time from 20ºC to 65 ºC. The existence of transient thermal strains is clearly 
shown by using the experimental technique of changing temperature stages under constant load. 
 
It is shown in Figure 5-52 that the reproducibility in both the dilation rig and the TSTM is good. 
The free strain measured during the first heating-cooling cycle and the total strain measured 
during the second cycle under compressive load from the same specimen in the TSTM is applied 
to calculate the transient thermal creep, as shown in Figure 5-53, and the elastic plus creep strain 
and the compliance function are presented in Figure 5-54. It can be seen from Figure 5-50 that 
the applied compressive load had a sudden decrease when the temperature was reduced from 
65ºC to 20ºC, and the effect of the reduction of the load was included in the elastic plus creep 
strain in Figure 5-54 a), and it was divided by the reduced stress to obtain this part of 
compliance function. 
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Figure 5-50 Temperature and loading history in the TSTM and the dilation rig (No. 183, 
compressive stress) 
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Figure 5-51 Total strain development in the TSTM and the dilation rig (No. 183) 
                     Compressive load 
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a) Temperature increase b) Temperature decrease 
Figure 5-52 Strain developments in the TSTM and the dilation rig during temperature 
increase/decrease 
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Figure 5-53 Free strain and total strain applied to calculate the transient thermal creep 
(No.183) 
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Figure 5-54 Transient thermal creep test (No.183, compressive stress) 
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Another parallel test (No. 173-2, age=60 days) was performed in the dilation rig and the TSTM 
with two cycles of heating-cooling. This time tensile load was applied to the specimen in the 
TSTM during the first cycle. The temperature history of the TSTM and the dilation rig tests and 
the tensile load of the TSTM test are shown in Figure 5-55, and the measured strain 
development of the tests are presented in Figure 5-56. 
 
The measured free strains of the specimen in the dilation rig during two cycles are almost the 
same, hence the reproducibility in the dilation rig is good for hardened concrete, but comparison 
of the measured free strains of parallel specimens in the dilation rig and the TSTM during 
second cycle shows that the free strain in the TSTM is apparently smaller than that in the 
dilation rig. This was also discussed for the previous test, and the size effect and different 
restraint conditions in the dilation rig and the TSTM may contribute to the difference. The 
deviation of measured free strain in the dilation rig and the TSTM is also observed in the tests 
for young concrete as shown later.  
 
The measured free strain in the dilation rig is about 40 μm/m higher than that in the TSTM when 
the temperature increases from 20 ºC to 64ºC, which is in the same order of magnitude of 
difference between total strain measured in the TSTM under tension and free strain measured in 
TSTM without load. Which of these two free deformation strains is used in the determination of 
transient thermal creep will show different temperature effect on creep. It is seen from Figure 
5-57 that the reproducibility in the dilation rig is good, and then it is assumed the reproducibility 
in the TSTM also is good. In this case, the free strain from the TSTM test under second heating-
cooling cycle is used to calculate the transient thermal creep, as shown in Figure 5-58, and the 
elastic plus creep strain and compliance function are presented in Figure 5-59. 
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Figure 5-55 Temperature and loading history in the TSTM and the dilation rig (No. 173-2, 
tensile stress) 
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Figure 5-56 Total strain development in the TSTM and the dilation rig (No. 173-2) 
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Figure 5-57 Strain developments in the TSTM and the dilation rig during temperature 
increase/decrease 
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Figure 5-58 Free strain and total strain applied to calculate the transient thermal creep 
(No.173-2) 
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Figure 5-59 Transient thermal creep test (No.173-2, tensile stress) 
 
As shown in Figure 5-54 b) and Figure 5-59 b), the transient thermal creep apparently exists in 
both heating and cooling phase for compressive and tensile loading, and the compliance 
functions increase significantly due to temperature changes.    
 
5.4.2. Test results of early age concrete 
 
The evaluation of the temperature effects on creep is even more complex for early age concrete 
than for hardened concrete. The free deformation measured in the hardened concrete under 
sealed condition represents only the thermal dilation, and the free strains are measured in the 
same specimen in the TSTM during heating-cooling cycles at different times and then they are 
used to determine the temperature effect on the creep properties. But the free deformation 
measured in the young concrete includes not only thermal dilation but also autogenous 
shrinkage, and the mechanical properties, which strongly depend on time and develop rapidly at 
early age. Tests in the dilation rig and the TSTM with the same temperature at the same age are 
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repeated, and the reproducibility can only be verified by comparison of test results from 
different specimens in the dilation rig or the TSTM. 
 
The free deformation is measured in several specimens either in the dilation rig or in the TSTM 
with the same temperature at same age, and the free strain developments of the different 
specimens in the dilation rig or the TSTM during the same cycle is used to verify the 
reproducibility in the dilation rig or the TSTM under variable temperature history. The free 
strain measured in parallel specimens in the dilation rig and the TSTM during same cycle is also 
compared, and the relevant free strain used in determination of transient thermal creep is further 
discussed.  
 
Four parallel tests were performed for young concrete. In the first parallel test (No. 170), the 
free strains were measured in the dilation rig and the TSTM with two similar cycles of heating-
cooling, and the temperature and free strain developments are presented in Figure 5-60 and 
Figure 5-61. In the second parallel test (No. 171), the TSTM test under compressive load was 
not performed because the motor failed during the application of loading, and only the free 
deformation in dilation rig with one cycle of heating-cooling was recorded. The temperature and 
free strain are presented in Figure 5-62 and Figure 5-63. The TSTM test under compressive load 
was repeated in the third parallel test (No. 172), and the temperature and total strain 
development are shown in Figure 5-65 and Figure 5-66. In the last parallel test (No. 173), the 
TSTM test under tensile load was conducted, and the temperature and total strain development 
are shown in Figure 5-70 and Figure 5-71. 
 
The results show that the free deformation measured in the TSTM and the dilation rig under 
similar temperature history are different for the early age concrete. The mechanical properties 
develop rapidly during the hardening process and different restraint conditions are possibly 
induced in the TSTM and the dilation rig due to different specimen size and test apparatus. The 
measured free strain in the dilation rig is higher than the free strain in the TSTM during the 
same cycle, which indicates that the restraint in the TSTM is higher than the restraint in the 
dilation rig. The difference is about 50 µ when the temperature increases from 20ºC to 65ºC, as 
shown in Figure 5-64. Which free deformation is used in the process of calculation of transient 
thermal creep is of course very important for the result.  
 
The free strain developments in the three dilation rig tests (No.170, 171, 172) are quite similar, 
as shown in Figure 5-64 and Figure 5-67, demonstrating that the reproducibility in the dilation 
rig is quite good for young concrete. The measured free strain in the unrestrained TSTM, which 
has the same specimen geometry and temperature history as the TSTM test under load condition, 
is considered most appropriate to be applied in the calculation of transient thermal creep for the 
young concrete. It is therefore used even if the documentation of reproducibility is lacking. 
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Figure 5-60 Temperature history in the TSTM and the dilation rig (No. 170) 
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Figure 5-61 Total strain developments in the TSTM and the dilation rig (No. 170) 
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Figure 5-62 Temperature histories in the dilation rig (No. 171 and 172) 
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Figure 5-63 Free strain developments in the dilation rig (No. 171 and 172) 
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Figure 5-64 Free strains in TSTM and dilation rig during temperature increase/decrease 
 
The temperature effect on the strain development under compressive load is evaluated by 
subtracting free strain measured in the TSTM test (No.170) from the total strain measured in the 
TSTM test (No. 172), as shown in Figure 5-68, and the elastic plus creep strain and the 
compliance function are presented in Figure 5-69. 
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Figure 5-65 Temperature and loading history in the TSTM and the dilation rig (No. 172, 
compressive stress) 
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Figure 5-66 Total strain developments in the TSTM and the dilation rig (No. 172 and 171, 
compressive stress) 
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Figure 5-67 Strain developments in TSTM and dilation rig during temperature 
increase/decrease 
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Figure 5-68 Free strain (No.170) and total strain (No.172) applied to calculate the transient 
thermal creep 
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Figure 5-69 Transient thermal creep test (No.172, compressive stress) 
 
A simple relationship between free deformation strains measured in the TSTM and the dilation 
rig during same cycle may be introduced, and then the free deformation measured in dilation rig 
can be transferred to predict free deformation in the TSTM, which can be used as an alternative 
in calculation of transient thermal creep if the free deformation in TSTM test is not available. 
This procedure is applied in another case (No.173) to evaluate the temperature effect on strain 
development under tensile load, as shown in Figure 5-73, and the elastic plus creep strain and 
the compliance function are presented in Figure 5-74. 
 
As shown in Figure 5-69 b) and Figure 5-74 b), the transient thermal creep exists in the heating 
phase for compressive and tensile loading, but not in the cooling phase, which is in contradiction 
to hardened concrete.   
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Figure 5-70 Temperature and loading history in the TSTM and the dilation rig (No. 173, 
tensile stress) 
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Figure 5-71 Total strain developments in the TSTM and the dilation rig (No. 173) 
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Figure 5-72 Strain developments in the TSTM and the dilation rig during temperature 
increase/decrease 
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Figure 5-73 Predicted free strain and total strain applied to calculate the transient thermal 
creep (No.173) 
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a) elastic plus creep strain                                    b)Compliance function  
Figure 5-74 Transient thermal creep test (No.173, tensile stress) 
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5.4.3. Discussion of transient thermal creep  
 
As discussed in chapter 4, several approaches have been proposed to take into account the 
temperature effect on creep in structural analysis. The analytical approach proposed by Bažant 
(1985a) and further developed by Thelandersson (1987) and Jonasson (1994) is quite simple as 
applied in engineer practice. In this part, the analytical approach is used to model the test data, 
and its applicability is further discussed.       
 
The strain development in the TSTM during a heating-cooling cycle under constant load and 
sealed condition can be decomposed as follow: 
              ( ) ( ) ( ) ( ) ( ) ( ), , , , ,tot e c th sh ttct t t t T t Tε σ ε σ ε σ ε ε ε σ′ ′= + + Δ + + Δ                       (5.8) 
The viscoelastic strain can be expressed by compliance function: 
               ( ) ( ) ( ) ( ) ( ) ( )( )
1
, , , , ,
d p
e e e
vis e c
e
t t t
t t t t J t t
E t
ϕε σ ε σ ε σ σ σ
−⎡ ⎤′ ′+ −′ ′ ′= + = = ⎢ ⎥′⎢ ⎥⎣ ⎦
          (5.9) 
And the free strain is measured in unloaded specimen: 
                              ( ) ( ) ( )free th sht T tε ε ε= Δ +                                                                       (5.10) 
The autogenous shrinkage can be neglected for hardened concrete and the transient thermal 
strain is modeled by: 
                               ( ) ( )ttc T eT sign Tf t
σε α ρ= Δ Δi i i                                                                 (5.11) 
Where ( )ef t  is compressive strength under compression or tensile strength under tension.  
 
The parameter ρ  is not always directly determined by transient thermal creep test, but can be 
found by adjusting the value of ρ  to achieve the best curve fitting of the measured stress 
development in TSTM under variable temperature history. The parameter values 0.1ρ =  and 
0.4ρ =  were used by Westman (1999) in thermal stress calculation for two types of Swedish 
concrete. The test results of TSTM for Base concrete were calibrated by Bosnjak (2000), and the 
parameter ρ  was found to be 0.27. 
 
The creep parameters determined by creep rig tests described in previous sections are used to 
calculate the viscoelastic strain under constant loading, and the only unknown parameter is the 
ρ  in the transient thermal creep term, and it can then be deduced by fitting model to the test 
data. All other parameters used in analyses and the results of the parameter ρ  are presented in 
Table 5.7. The parameter ρ  is similar in hardened and young concrete under either compressive 
or tensile load condition, but it is higher in compressive loading than in tensile loading. The 
explanation might be due to the low stress/strength ratio applied in the compressive test.   
 
Test results from the hardened concretes show that transient thermal creep apparently exists. Not 
only during heating, but also during cooling, the compliance functions increase dramatically due 
to temperature changes during these two periods. The calculated compliance functions are in 
good agreement with the measured results, the improvement of the modeling by including the 
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transient thermal creep term is significant and therefore the transient thermal creep should be 
considered in structural analysis considering variable temperature histories. 
  
For young concrete, the compressive and tensile strength develop rapidly which has 
considerable influence on the transient thermal creep compliance. The test results for young 
concrete under compression show low increase of compliance function due to transient creep 
during the cooling period. As the compressive strength develops, the ratio between the applied 
constant stress and the compressive strength declines from 0.12 at initial loading to 0.04 at the 
age of 4 days for case No.172, and the calculated transient thermal creep compliance is only 
4μ/MPa. 
 
As shown in Figure 5-75 to Figure 5-78, the analytical model gives an acceptable prediction of 
the test results for young concretes and the maturity concept is able to describe the major part of 
the temperature influence on the creep strain development. But it seems that it is not enough to 
take into account the temperature effect on the creep by only using the maturity concept when 
large temperature increase or decrease happens in a short period, and it gives more reliable 
prediction if the transient thermal creep term is added. The influence of transient thermal creep 
on the restraint stress development in TSTM under realistic temperature histories is further 
discussed in the subsequent section. 
 
Table 5.7 Parameters used in analytic model   
Compressive loading Tensile loading 
Parameters Hardened concrete 
(No.183) 
Young concrete 
(No.172) 
Hardened concrete 
(No.173-2) 
Young concrete 
(No.173) ρ  0.80 0.65 0.21 0.07 ϕ  1.15 0.97 
d  0.18 0.20 
p  0.18 0.20 
( )eE t′  (MPa) 36200 15000(1) 43500 26000(1) 
Tα  (10-6/ºC) 10.0 
et′  (day) 582 0.83 119 1.33 
( )ef tσ ′  0.07 0.12 0.26 0.18 
(1) The elastic modulus is determined by the stress and strain ratio measured in the TSTM at 
loading time 
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Figure 5-75 Modeled and measured compliance function (No.183, compressive load, 
hardened concrete) 
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Figure 5-76 Modeled and measured compliance function (No.173-2, tensile load, hardened 
concrete) 
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Figure 5-77 Modeled and measured compliance function (No.172, compressive load, young 
concrete) 
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Figure 5-78 Modeled and measured compliance function (No.173, tensile load, young 
concrete) 
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5.5. Restraint stress development in TSTM 
 
In the standard procedure, the dilation rig and stress rig are run in parallel. The TSTM measures 
the development of self-induced stress in sealed specimen under well defined temperature and 
restraint conditions in a uniaxial stress state, and simultaneously the dilation rig measures the 
free deformation in another sealed specimen, i.e. thermal dilation and autogenous deformation, 
with same temperature history. The test methods are described in detail by Bjøntegaard (1999). 
 
The stress development measured in the TSTM is the net effect of all the parameters acting to 
produce stresses in hardening concrete (i.e. thermal dilation, autogenous deformation, E-
modulus and creep/relaxation properties), and the TSTM is a suitable tool to investigate the 
stress development in hardening concrete under realistic temperature conditions and to further 
optimize the concrete mix to reduce the cracking risk. The experimental data can also be used as 
valuable information to verify the material models. 
 
The test results presented in Figure 5-79 to Figure 5-84 show that the replacement of cement by 
slag or fly ash reduces the maximum tensile stress in the TSTM. Cracking did not occur in the 
TSTM tests of 60 % FA* with initial temperature 11ºC under 100% restraint condition. 
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Figure 5-79 Smooth temperature in TSTM and stepwise temperature in dilation rig  
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Figure 5-80 Strain in TSTM under partial restrained condition and free strain in dilation 
rig 
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Figure 5-81 Measured restraint stress development in TSTM 
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Figure 5-82 Smooth temperature in TSTM and stepwise temperature in dilation rig 
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Figure 5-83 Strain in TSTM under partial restrained condition and free strain in dilation 
rig  
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Figure 5-84 Measured restraint stress development in TSTM   
 
5.6. Restraint stress analysis of TSTM-results 
 
In the description of the constitutive behavior of young concrete it is assumed that the strain rate 
in the TSTM may be decomposed as follows: 
                                       el cr th sh ttcε ε ε ε ε ε= + + + + Δ+ + + + +                                                  (5.12) 
                                         free th shε ε ε= +                                                                                   (5.13) 
                                        ( ) ( )
1
,
t
ve el cr
t
J t t d tε ε ε σ′ ′= + = ∫                                                         (5.14) 
Where +  represents increments, and freeε  is the measured free deformation in the dilation rig, 
elε  is the elastic strain, crε  is the creep strain and ttcε  is the transient thermal creep component 
which takes into account the change in creep rate during changes in temperature. 
 
5.6.1. Compressive or/and tensile creep data 
 
The DPL is used to fit the compressive and tensile creep data, and due to the different curvature 
of the compressive and tensile creep data it can be seen that the DPL expresses the former ones 
better than that latter. Nevertheless, the two sets of parameters in the DPL are applied in 
restraint stress calculation for the TSTM tests in three different combinations:  
a) Only compressive creep parameters,  
b) Only tensile creep parameters,  
c) A combination where the compressive parameters are used during the initial compressive 
stress period in the TSTM specimen and the tensile parameters are used during the later part 
when the specimen develops tensile stresses. 
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The temperature effect on the creep property is taken into account by the maturity concept and 
the transient thermal creep adjustment. 
                               el cr th sh ttcε ε ε ε ε ε= + + + ++ + + + + +                                                          (5.15) 
                             ( ) ( )
1( , ) 1 pde e e e
ec
eJ t t t t tE t
ϕ −⎡ ⎤′ ′ ′= + −⎣ ⎦′ i                                                         (5.16) 
 
The calculated stress development for seven types of concretes are shown in Figure 5-85 to 
Figure 5-92, and the comparisons of maximum compressive and tensile stresses between test 
and calculation are shown in Table 5.8 and Figure 5-93. The fictive stress shown in the figures is 
defined as the calculated elastic stress development without taking into account the creep and 
transient thermal creep in the calculation. 
 
The influence of creep on the self-induced stresses in the TSTM is twofold, creep in the early 
compression phase directly reduces the compressive stresses, but indirectly increases the later 
tensile stress, and secondly creep in the tension phase reduces the tensile stresses. These two 
effects are competing and the final effect is their summation. (Bosnjak, 2001) Because of this 
complicated influence of creep on the risk of through-cracking, it is difficult to give general 
rules – the creep influence on the cracking risk varies from case to case and depends on the 
concrete situation, i.e. temperature, shrinkage and restraint conditions. In general terms, creep is 
a very important factor in simulation of hardening concrete, and correct prediction of creep 
during the whole period of hardening is necessary for reliable prediction of cracking risk.      
 
The results presented in Table 5.8 show that using combined compressive and tensile DPL-
parameters gives good correspondence with the measured stress developments in the TSTM 
tests. Moreover, using only the compressive DPL-parameters give better agreement with the test 
results than using only the tensile DPL-parameters. A reason for this may be that early tensile 
and compressive creep are different especially for concretes containing mineral additives (see 
Figure 5-43 and Figure 5-44), and the fact that the compressive phase in the TSTM tests (and 
also in field situations) last typically from setting up to 2-4 days, which means 4-10 days in 
maturity time. Hence, in order to determine the most relevant creep data (at 20ºC test conditions) 
one should perform compressive creep measurements at early loading ages (from setting to 4-10 
days), and tensile creep tests at later loading ages. The results also show that both creep 
increases and the hydration heat decreases with the FA content are positive effect with regard to 
reducing the stress generation.  
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Table 5.8 The influence of creep data on the stress calibration of TSTM test 
TSTM result Compressive creep  Tensile creep  Combined compressive and tensile creep 
Concrete 
,maxcσ  
(MPa) 
,maxtσ  
(MPa) 
,maxcσ  
(MPa) 
,maxtσ  
(MPa) 
,maxcσ  
(MPa) 
,maxtσ  
(MPa) 
,maxcσ  
(MPa) 
,maxtσ  
(MPa) 
SV 40* -1.34 2.75 -1.33 2.64 -1.32 2.74 -1.32 2.74 
FA 40%* -0.64 2.50 -0.62 2.35 -0.48 3.03 -0.62 2.35 
FA 60%* -0.72 2.17 -0.60 2.07 -0.39 2.89 -0.60 2.19 
FA 60%* (11ºC) -0.33 2.52 -0.29 2.50 -0.20 2.89 -0.28 2.51 
NL slag* -0.88 2.98   -1.32 3.28   
Reference -1.32 2.47 -1.46 2.24 -1.48 2.54   
Slag 40% -1.46 2.46 -1.02 2.24     
Slag 60% -1.01 2.47 -0.56 2.30 -0.50 2.66 -0.56 2.30 
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Figure 5-85 Calculated and measured stress development in hardening concrete (SV 40*) 
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Figure 5-86 Calculated and measured stress development in hardening concrete (40% FA*) 
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Figure 5-87 Calculated and measured stress development in hardening concrete (60% FA*) 
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Figure 5-88 Calculated and measured stress development in hardening concrete  
                   (60% FA*-Initial temperature 11ºC) 
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Figure 5-89 Calculated and measured stress development in hardening concrete (NL Slag*) 
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Figure 5-90 Calculated and measured stress development in hardening concrete 
(Reference) 
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Figure 5-91 Calculated and measured stress development in hardening (40% BFS) 
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Figure 5-92 Calculated and measured stress development in hardening (60% BFS) 
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Figure 5-93 Comparison of calculated and measured maximum compressive and tensile 
stresses 
 
Chapter 5 Test results, modelling and discussion 
 127
5.6.2. Temperature effect 
 
Temperature affects creep in two ways: directly, influencing the creep rate, and indirectly, 
influencing aging and maturity of concrete. The higher temperature tends to increase the creep 
rate, but in young concrete the effect is offset by the fact that a temperature increase also 
accelerates hydration, which in turn reduces creep. The former effect is usually larger than the 
latter one, but this depends on the concrete age.  
 
Three different approaches are used in the calculation of the stress development in TSTM under 
realistic temperature histories, and based on the results the temperature effect on creep is further 
discussed. 
   
In the first approach, the stress development in the TSTM is calculated by the Diana program, 
and the effect of temperature on the aging is taken into account by the maturity dependence of 
the E-modulus: 
                                    ( ) ( )
1( , ) 1 pd
ec
J t t t t t
E t
ϕ −⎡ ⎤′ ′ ′= + −⎣ ⎦′ i                                                      (5.17) 
Compressive creep data is applied in the analysis.  
 
In the second approach, maturity is used in creep model by replacing concrete age with the 
equivalent age in the term, and the loading duration ( )t t′−  replaced by the equivalent loading 
duration ( )e et t′− . The stress development in the TSTM is analyzed by a program made by the 
author based on Visual Basic:      
                                     ( ) ( )
1( , ) 1 pde e e e
ec
eJ t t t t tE t
ϕ −⎡ ⎤′ ′ ′= + −⎣ ⎦′ i                                                  (5.18) 
In the third approach, the visual basic program is still used and the transient thermal creep is 
considered in the constitutive behavior: 
                                     el cr th sh trcε ε ε ε ε ε= + + + ++ + + + + +                                                     (5.19) 
                                        ( ) ( )ttc T eT sign Tf t
σε α ρ= Δ Δi i i                                                        (5.20) 
In the last two methods, the combined compressive/tensile creep data is used in the simulation, 
i.e. the one corresponding to the actual condition in the TSTM. The results of calculation are 
shown in Figure 5-94 to Figure 5-100.  
 
As presented in Table 5.9, the results from Diana show that the maximum compressive stresses 
are underestimated for BFS concretes, but they are overestimated for the other concretes, and 
the maximum tensile stresses are overestimated for all concretes except 60%FA*. The 
replacement of concrete age with maturity age at loading time reduces the creep compliance, at 
the same time replacement of loading duration with equivalent time duration increases the creep 
compliance, and these two effects are competing with each other. In the present cases, the 
application of maturity age increases the creep compliance in compression phase, and reduces 
the maximum compressive stresses for all concretes compared to the results from Diana, but its 
influence on maximum tensile stresses is more complex and the maximum tensile stresses are 
increased in the SV40* and the FA concretes, but decreased in the reference and the BFS 
concretes. The consideration of transient thermal creep reduces both maximum compressive and 
tensile stresses compared to the results from only taking into account maturity age. It can be 
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concluded that the calculated maximum compressive and tensile stresses in all three approaches 
give reasonable agreement with the measured ones in TSTM. 
 
Table 5.9 Calibration of the stress development in TSTM test  
TSTM result Diana Maturity age Maturity and transient thermal creep 
Concrete 
,maxcσ  
(MPa) 
,maxtσ  
(MPa) 
,maxcσ  
(MPa) 
,maxtσ  
(MPa) 
,maxcσ  
(MPa) 
,maxtσ  
(MPa) 
,maxcσ  
(MPa) 
,maxtσ  
(MPa) 
SV 40* -1.34 2.67 -1.63 2.78 -1.38 2.85 -1.32 2.66 
FA 40%* -0.64 2.50 -0.93 2.67 -0.61 2.76 -0.62 2.36 
FA 60%* -0.72 2.17 -0.83 2.16 -0.63 2.53 -0.58 2.19 
FA 60%* (11ºC) -0.33 2.52 -0.40 2.73 -0.31 3.02 -0.29 2.55 
Reference -1.32 2.47 -1.84 2.61 -1.55 2.48 -1.46 2.24 
Slag 40% -1.46 2.46 -1.18 2.57 -1.00 2.49 -0.97 2.24 
Slag 60% -1.01 2.47 -0.76 2.67 -0.56 2.60 -0.56 2.30 
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Figure 5-94 Stress developments in hardening concrete (SV 40*) 
 
Chapter 5 Test results, modelling and discussion 
 129
-3,0
-2,0
-1,0
0,0
1,0
2,0
3,0
0 48 96 144 192 240 288 336 384 432
Time (hours) 
TS
TM
-s
tre
ss
 (M
Pa
)
TSTM-stress (FA 40%*)
DIANA
maturity concept
including transient thermal strain
fictive stress
 
Figure 5-95 Stress development in hardening concrete (40% FA*) 
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Figure 5-96 Stress development in hardening concrete (60% FA*) 
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 Figure 5-97 Stress development in hardening concrete (60% FA*-initial temperature 11ºC) 
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Figure 5-98 Stress development in hardening concrete (Reference concrete) 
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Figure 5-99 Stress development in hardening concrete (40% BFS) 
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Figure 5-100 Stress development in hardening concrete (60% BFS) 
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Figure 5-101 Comparison of calculated and measured maximum compressive and tensile 
stresses 
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6. Numerical analysis of a field test 
 
6.1. Introduction 
 
In this chapter the numerical analysis of a field test is discussed. The material properties used in 
the analysis were determined from laboratory tests as previously described, and the material 
model was checked in the TSTM for a realistic temperature history. Within the NOR-CRACK 
project, the Norwegian Directorate of roads carried out a field instrumentation programme to 
measure the temperature and strain development in a “double-wall” structure. 3D analysis of the 
structure was performed by DIANA and the calculated and measured temperature and strain in 
the structure were compared. Furthermore, the influence of three major factors: hydration heat, 
creep and autogenous shrinkage, on the stress development in the structure are investigated by 
parameter studies. 
 
The field test of the “double-wall” structure previously described in Chapter 3 was carried out in 
2004, and the wall is comparable to the submerged tunnel that will be constructed in Bjørvika, 
Oslo, and a part of NOR-CRACK is devoted to this project. The concrete containing 60% Fly 
ash was used in one wall and the SV 40 concrete was used in another. Temperature and strain 
development in 26 different positions were measured in two different sections in the structure. 
 
6.2. Material properties 
 
6.2.1. Concrete composition 
 
The “SV 40” concrete is a typical high strength concrete used in bridges and tunnels in Norway, 
and it has a water-binder ratio (w/b) of 0.42 with 5% silica fume (percentage of OPC weight). 
The “low-heat” concrete has w/b of 0.46 and contains 36% FA of binder weight (60% of OPC 
weight) in addition to 5% silica fume (percentage of OPC weight). The composition of the two 
concretes is presented in Table 6.1. 
 
Table 6.1 Concrete composition, all values in kg/m3 
Concrete 
OPC 
(Norcem 
Anleggsement) 
Fly 
ash 
Silica 
fume 
Coarse 
aggregate 
(8-16 mm) 
Fine aggregate 
(0-8 mm) 
Total 
water 
SV 40 404 - 20 880 910 178 
“Low-heat” 233 140 12 879 899 178 
 
In the laboratory relevant concrete properties were measured, i.e. heat of hydration, coefficient 
of thermal expansion, autogenous shrinkage, mechanical properties, creep and restraint stress in 
the TSTM, and the detailed test program is previously described in chapter 3. Test results of 
mechanical properties are presented in Appendix B, and three specimens were used at each age. 
All properties are discussed below and implemented in the structural analysis. 
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6.2.2. Mechanical properties 
 
The modified version of the CEB-FIP MC 1990 equations, as shown in equation (5.3), (5.4) and 
(5.5), is used to model the development of the compressive strength, tensile strength and 
modulus of elasticity. 
 
It is surprising that the compressive E-modulus of the “low-heat” concrete at 28 day is higher 
than that of the “SV40” concrete. This is possibly due to the uncertainty of the test results, and 
only one compressive E-modulus test was performed for the “low-heat” concrete. Nevertheless, 
the parameters shown in Table 6.2 will be used in the numerical analysis of the “double wall” 
structure.    
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Figure 6-1 Compressive strength, E-modulus and tensile strength of SV 40 concrete 
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Figure 6-2 Compressive strength, E-modulus and tensile strength development of the “low 
heat” concrete 
 
Table 6.2 Mechanical Properties of the “SV40” and “low-heat” concrete 
Concrete ( )28cf (MPa) ( )28tf (MPa) ( )28cE (GPa) s  tn  En  0t (h) 
SV40 65.11 3.86 31700 0.197 0.722 0.421 8.0 
“Low-heat” 41.20 3.20 33360 0.418 0.561 0.251 10.5 
 
6.2.3. Thermal properties 
 
The simple approach based on maturity age was used in the modeling of the heat development, 
as shown in equation(5.2). 
 
The parameters of the activation energy were determined according to the Norwegian Code 
(NS3656). The results from isothermal tests at three temperature levels: 5, 20 and 50°C were 
plotted against equivalent time. Then the activation energy was found by fitting results at a level 
of 40% of maximum strength. 
 
At first the heat development of the “low-heat” concrete tested in the laboratory was used in the 
analysis, but as discussed later in the parameter study, the calculated maximum temperature is 
about 10°C lower than the measured maximum temperature. Unfortunately, the hydration heat 
development of this particular concrete mixture used in the field test was not measured, and the 
input of the hydration heat, as shown in Figure 6-3, is adjusted to get better agreement with the 
measured temperature development in the field test. The heat development applied in the 
temperature and strain analysis was about 35% higher than that of the “low-heat” concrete tested 
in the laboratory. (Larsen and Ji, 2004) 
 
It was later confirmed (personal communication with Skanska and Unicon) that for this 
particular field experiment the concrete manufacturer had put fly ash into a silo previously used 
to store silica fume, but unfortunately the silo was not completely cleaned, and probably some 
silica fume left at the bottom entered the mixture used in this field test.  
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                                Figure 6-3 Heat evolutions of SV 40 and “low-heat” concrete 
                                                   
Table 6.3 Thermal properties of “SV40” and “low-heat” concrete 
Concrete Q∞  
( kJ/kg cem. ) 
τ  α  
Thermal 
expansion 
coefficient 
(10-6/°C) 
Arrhenius 
constant 
(K) 
Thermal 
conductivity 
(kJ/0Cms) 
Thermal 
capacitance 
(kJ/0Cm3) 
“SV40” 319 15.04 1.34 10.54 2645.7 0.0026 2512.2 
“Low-heat” 
(laboratory)  215 17.75 1.20 8.35 4353.1 0.0026 2482.4 
“Low-heat” 
(field test) 290 17.75 1.20 8.35 4353.1 0.0026 2482.4 
 
 
6.2.4. Volume change (Autogenous shrinkage and thermal dilation) 
 
The free deformation was measured in the Dilation Rig with a stepwise realistic temperature 
history for both concretes in the NTNU laboratory. The maximum temperature for “SV 40” and 
“low-heat” concrete is 56 and 45ºC with initial temperature 20ºC, while the maximum 
temperature for “low-heat” concrete is 33ºC with initial temperature 11ºC. The autogenous 
shrinkage is then separated from the thermal dilation by assuming a constant value for the 
thermal dilation coefficient. The autogenous shrinkage curves of the “SV 40” and “low-heat” 
(60% FA) concrete are shown in Figure 6-4. 
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                               Figure 6-4 Autogenous shrinkage versus maturity time 
 
6.2.5. Creep 
 
Compressive creep tests for both concretes were performed at different ages at 20ºC and under 
sealed conditions, and the results are shown in Figure 6-5. The Double power law is used to 
model the creep behaviour in the numerical simulations, and the compliance function becomes: 
                                         ( ) ( ) ( ) ( )( )1, 1 d peJ t t t t tE t ϕ −′ ′ ′= + ⋅ −′        Equation Section (Next)                           (6.1) 
Where t is the concrete age, t' is the concrete age at loading, ( )eE t′ is the E-modulus at loading 
age, φ, d, p are creep model parameters. In general two creep tests were performed for each of 
the loading ages. For the “SV 40” concrete, the creep tests were carried out at 2 and 9 days 
respectively, and as shown in Figure 6-5 a), the model is in good agreement with the 
experimental results. For the “low-heat” concrete, the creep tests were carried out at 4 and 7 
days respectively, and it is seen from Figure 6-5 b) that the estimated the creep strain is slightly 
lower than the test results.  
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Figure 6-5 Double power law and results of compressive creep tests 
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Table 6.4 Creep parameters for “SV 40” and “low-heat” concrete  
Concrete d p ϕ  
“SV 40” 0.18 0.18 1.10 
“Low-heat” 0.26 0.22 1.60 
 
6.3. TSTM results 
 
The imposed temperature histories and measured stress developments in the TSTM for “SV 40” 
and “low-heat” concrete are shown in Figure 6-6 a), Figure 6-7 a) and Figure 6-8 a), and the 
strain developments in Dilation Rig and TSTM are shown in Figure 6-6 b), Figure 6-7 b) and 
Figure 6-8 b). For the “SV 40” concrete, the maximum temperature increase is about 36ºC from 
20ºC to 56ºC, and the feedback system is deactivated at 76 hours, and the full restraint condition 
is then changed to the partial restraint condition to prevent break of the specimen during the test. 
For the “low-heat” concrete, the TSTM test was first performed at initial temperature 20ºC, and 
the maximum temperature rise is 25ºC, and the full restraint condition is changed to the partial 
restraint condition at 120 hours. Another TSTM test was carried out at the initial temperature 
11ºC, which represented the approximate air temperature in the field test, under full restraint 
condition, and the maximum temperature rise is about 22ºC.   
    
-2,0
-1,5
-1,0
-0,5
0,0
0,5
1,0
1,5
2,0
2,5
3,0
3,5
4,0
0 48 96 144 192 240 288 336 384 432 480 528
Time (hours)
S
tre
ss
 (M
Pa
)
0
10
20
30
40
50
60
Te
m
pe
ra
tu
re
 (
o c
)
TSTM-stress
Temperature, TSTM specimen
-300
-250
-200
-150
-100
-50
0
50
100
150
200
250
0 48 96 144 192 240 288 336 384 432 480 528
Time (hours)
S
tra
in
 (1
0-
6 )
Total free strain-dialtion rig
TSTM-Strain
a) Temperature and stress in TSTM                     b) Deformation in Dilation Rig and TSTM 
Figure 6-6 Test results of TSTM and Dilation Rig for “SV 40” concrete 
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Figure 6-7 Test results of TSTM and Dilation Rig for “low-heat” concrete with initial 
temperature 20 ºC  
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Figure 6-8 Test results of TSTM and Dilation Rig for “low-heat” concrete with initail 
temperature 11 ºC 
 
The comparisons of calculated and measured stress development for “SV 40” concrete are 
shown in Figure 6-9, and the development of the compressive stress in the first 2 days is in good 
agreement with the test results, but the development of the tensile stress afterwards is lower than 
the test results. As mentioned early, the E-modulus of “SV 40” concrete at 28 day is lower than 
that of “low-heat” concrete; the low E-modulus of “SV 40” concrete significantly reduces the 
calculated tensile stress development. The calculated and measured stress developments of the 
“low-heat” concrete with 20ºC initial temperature are shown in Figure 6-10, and the 
development of the compressive stress in first 3 days is in good agreement with the test results, 
and the development of the tensile stress afterwards is slightly lower than the test results. The 
stress development of the “low-heat” concrete with 11ºC initial temperature is shown in Figure 
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6-11, and the development in both compressive and tensile stress is slightly higher than the test 
results. 
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Figure 6-9 Stress development in TSTM for “SV 40” concrete 
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Figure 6-10 Stress development in TSTM for “low-heat” concrete with initial temperature 
20°C 
 
Chapter 6 Numerical analysis 
 141
-1,0
-0,5
0,0
0,5
1,0
1,5
2,0
2,5
3,0
0 48 96 144 192 240 288 336 384 432 480
Time (hours) 
TS
TM
-s
tre
ss
 (M
P
a)
 
TSTM-stress
Calculation
 
Figure 6-11 Stress development in TSTM for “low-heat” concrete with initial temperature 
11ºC 
 
6.4. Boundary conditions and finite element model 
 
The actual external conditions on the field site are used for structural analysis. The plastic foil 
on top of the wall and the formwork on the side of the wall were removed 216 hours (9 days) 
after casting. The wind velocity is assumed to vary from 0 to 2 m/s, and the following 
convection coefficients are used:  
        Concrete-plastic foil-air           convection coefficient=0.0040  kJ/°Cm2s 
        Concrete-formwork-air            convection coefficient=0.0026  kJ/°Cm2s 
        Concrete-air                             convection coefficient=0.0133  kJ/°Cm2s 
The air temperature was recorded and is shown in Figure 6-12. The fresh concrete temperature 
for the “low-heat” concrete was about 23.0ºC (rather high) and for “SV 40” about 21.5ºC. 
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                                   Figure 6-12 Temperature history of ambient air  
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In the analysis, the subgrade reaction modulus method is used to model the deformability of the 
ground, and the vertical modulus of subgrade reaction is 3250 /vk MN m=  for compression, 
30 /vk MN m=  for tension, and the horizontal modulus of subgrade reaction is 360 /hk MN m= . 
 
The finite element mesh of the structure used in the program Diana is shown in Figure 6-13 c). 
The 20-node solid element CHX60 is used to model the concrete, and the element is 
automatically converted to 8-node HX8HT in the heat analysis. The 4-node boundary element 
BQ4HT is used to model the boundary conditions in the heat analysis. 
 
15.0 m
2.0 m
1.0 m
0.8 m 5.4 m
7.5 m
5.0  m
 
a) Picture of field test walls 
16 
15 
14 
13 21 
22 
23 
24 
  
b) Measuring points at the middle section c) Finite element model 
Figure 6-13  The double-wall structure 
 
6.5. Analysis results 
 
6.5.1. Temperature analysis 
 
The measured and calculated temperature developments at the middle section (points 13-16 for 
the “SV 40”, and points 21-24 for the “low-heat” concrete, as shown in Figure 6-13 b)) are 
shown in Figure 6-15 and Figure 6-16.  The calculated temperature developments have a good 
agreement with the test results, and the deviation of the calculated and measured maximum 
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temperature is in the range of ±1.5°C for both the “SV 40” and the “low-heat” concrete, and the 
maximum temperatures in both concretes are presented in Table 6.5. 
 
 
Figure 6-14 Temperature contour in the middle section of wall  
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Figure 6-15 Calculated and measured temperature in the middle section (SV 40) 
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Figure 6-16 Calculated and measured temperature in the middle section (low-heat 
concrete) 
 
Table 6.5 Maximum temperature in concrete 
Concrete Calculated temperature (°C) Measured temperature (°C) 
“SV 40” 64.16 65.25 
“Low-heat” 56.40 56.47 
 
6.5.2. Strain development 
 
The simulated and measured total strain developments in the concrete wall (the middle section 
of SV-40 and 5.0 m section of low-heat concrete, as marked in Figure 6-13 a)) are shown in 
Figure 6-17 and Figure 6-18 respectively. In the SV 40 concrete wall, the calculated strain is 
underestimated for the lowest point (point 13, 0.4 m above slab) with maximum deviation of 
about 50 μ. They are in good agreement with the measured strains for the two middle points 
(point 14, 15), and it is overestimated for the top point (point 16, 1.6 m above slab) with a 
maximum deviation of about 100 μ. The strain developments of the four points at the middle 
section are similar, and it indicates that the rotation of the middle section is quite small, and the 
simulated wall rotates more than the experimental test. Similar result is obtained by Bosnjak 
(2000) in the analysis of a wall structure made of “basic 5” concrete. It means the restraint from 
foundation in the field test model is higher than the simulated model. Cracks are observed in the 
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wall after the remove of the framework, and according to the measurements they probably 
appear ca 7 and 9 days after casting, and the crack increases the strain in the two bottom points 
(point 13, and 14).   
 
Figure 6-17 Simulated and measured total strain development in the middle section of the 
“SV-40” wall  
 
In the low-heat concrete wall, the calculated strains of the bottom three points (point 17, 18, and 
19) agree well with the measured ones, only the calculated strain of the top point (point 20) is 
higher than the measured one about 50 μ. Some difficulties were experienced in the recording, 
and the results in point 17, 18, 19 and 20 failed at about 7.5 days.  
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Figure 6-18 Simulated and measured total strain development in the 5.0 m section of the 
“low-heat” concrete 
 
6.5.3. Stress development 
 
The calculated stress development in element 98 and 648 and the comparison with the tensile 
strength development are shown in Figure 6-20 for SV 40 and low-heat concrete respectively. 
The crack-index, defined as the ratio between tensile stress ( ( )tσ ) and tensile strength ( ( )f t ), 
has also been determined, and the crack index is shown in Figure 6-21. The maximum stress and 
corresponding cracking index in both concretes is presented in Table 6.6. 
 
For “SV 40” the maximum crack-index is about 0.97, and according to the measurement the first 
crack occurs at about 6 days, and the corresponding crack-index is 0.73 as shown in Figure 6-21. 
The maximum crack-index for the “low-heat” concrete is 0.75, and the first crack occurs at 
about 7 days, and the corresponding crack-index is 0.55. The observation on site showed that the 
cracking in “SV 40” concrete is more severe than the cracking in “low-heat” concrete.    
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Figure 6-19 Stress contour in the middle section of wall  
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Figure 6-20 Stress and tensile strength developments in SV 40 and “low-heat” concrete  
 
Table 6.6 Maximum stress and cracking risk index 
Concrete Tensile stress (MPa) 
Maturity 
(hours) 
Tensile strength
(MPa) 
Cracking 
index 
SV 40 3.58 406 3.70 0.97 
“Low-heat”  2.19 533 2.91 0.75 
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Figure 6-21 Cracking index in SV 40 and “low-heat” concrete 
 
6.5.4. Conclusions and discussion 
 
The calculated temperatures are in good agreement with the measured results, and the deviation 
between calculated and measured maximum temperature is in range of ±1.5°C for both SV 40 
and “low-heat” concrete, and the maximum difference between calculated and measured 
temperature during the first 2 weeks is about 3°C. 
 
The calculated strains in the middle part of both walls (0.6 – 1.2 m above the slab) where the 
maximum stresses occur are in good agreement with the measured ones. This will ensure that 
the predicted crack-indexes are reliable – as verified by occurring severe cracks in SV 40 
concrete and fewer cracks in the low-heat concrete. 
 
The cracking index at the first crack is 0.73 and 0.55 for SV 40 concrete and the low-heat 
concrete mixture used in the field test. The “low-heat” concrete with fly ash seems to have a 
lower probability to crack under the given conditions. 
 
6.6. Parameter study 
 
6.6.1. Hydration heat 
 
The hydration heat of the “low-heat” concrete tested in the laboratory, as shown in Figure 6-3 
and Table 6.3, is also applied in the structural analysis, and the calculated temperature in the 
middle section (point 21-24) is shown in Figure 6-22. The maximum calculated temperature in 
the low-heat concrete wall is about 45.9°C which is about 10°C lower than the measured 
maximum temperature. The additional silica fume left in the bottom of silo which entered the 
mix used in the field test increases the temperature in the concrete. 
 
Chapter 6 Numerical analysis 
 149
0
10
20
30
40
50
60
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360
Time (hours)
Te
m
pe
ra
tu
re
 (o
C
)
Point 21-low heat concrete (field)
Point 21-low heat concrete (laboratory)
0
10
20
30
40
50
60
70
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360
Time (hours)
Te
m
pe
ra
tu
re
 (o
C
)
Point 22-low heat concrete (field)
Point 22-low heat concrete (laboratory)
 
0
10
20
30
40
50
60
70
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360
Time (hours)
Te
m
pe
ra
tu
re
 (o
C
)
Point 23-low heat concrete (field)
Point 23-low heat concrete (laboratory)
0
10
20
30
40
50
60
70
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360
Time (hours)
Te
m
pe
ra
tu
re
 (o
C
)
Point 24-low heat concrete (field)
Point 24-low heat concrete (laboratory)
 
Figure 6-22 Calculated temperature developments for two different hydration heat input 
 
The maximum calculated tensile stress of the concrete mix tested in the laboratory is as expected 
lower than that of the concrete mix applied in the field test, and consequently the crack-index is 
also lower. If the fly ash had not been polluted with silica fume in the field test, the measured 
temperature development would be lower, and the cracking-index would be around 0.58, and in 
this case the “low-heat” concrete would most likely not crack. 
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Figure 6-23 Stress and tensile strength development and cracking index (two different heat 
input) 
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Table 6.7 Maximum stress and cracking risk index 
Concrete Tensile stress (MPa) 
Maturity 
(hours) 
Tensile strength
(MPa) 
Cracking 
index 
“Low-heat” (field) 2.19 533 2.91 0.75 
“Low-heat” (laboratory) 1.63 426 2.81 0.58 
 
6.6.2. Creep property 
 
Creep is a very import factor reducing the restraint stresses in the order of 40-50% compared to 
the elastic case, and creep data during the whole period of hardening (heating and cooling) is 
necessary for reliable prediction of cracking risk. 
 
The creep compliance is increased or decreased by 50%, and then applied in the analysis of the 
“double wall” structure. It can be seen from Figure 6-24 that 50% increase of the creep 
compliance leads to 15% and 20% decrease in the restraint stress for “SV 40” and “low-heat” 
concrete respectively. Higher creep in the early period reduces compressive stresses, and 
consequently increases the tensile stress, while increased creep in cooling period decreases 
tensile stresses. These two effects are competing and the final effect is their summation. The 
50% decrease of creep compliance have more influence on the stress development, and leads to 
26% and 30% increase in the restraint stress for “SV 40” and “low-heat” concrete respectively. 
Due to the higher creep compliance, the “low-heat” concrete is more sensitive to the creep 
increase/decrease. 
 
Table 6.8 Creep parameters  
SV 40* 60% FA*Parameter 
Test Creep (+50%) Creep (-50%) Test Creep (+50%) Creep (-50%)
d 0.18 0.24
p 0.19 0.24ϕ  0.98 1.47 0.49 1.47 2.205 0.735 
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Figure 6-24 Calculated stress developments with 50% increase/decrease in creep 
compliance  
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6.6.3. Thermal dilation (TD) and autogenous deformation (AD) 
 
As discussed in chapter 2, two strategies in the literature are often used to separate AD and TD 
during variable temperature, and the validation of those two strategies is investigated for the 
“basic 5” concrete. Bjøntegaard (1999) carried out experiments on Norcem Anleggsement 
(CEM I-52.5 LA) concretes with w/b ratio of 0.40 and 5% SF (Basic 5) under 20ºC isothermal, 
three saw-toothed series (29ºC, 47ºC and 60ºC series), and three similar smooth temperature 
histories.  
 
According to the first strategy, the measured autogenous shrinkage of “basic 5” concrete under 
20º C isothermal conditions is transferred to the AD under realistic temperature by maturity 
concept. The predicted autogenous shrinkage is used as input in the analysis with two different 
constant CTEs: 8.5×10-6 or 10.0×10-6/ºC, then the results are compared with the stress 
development calculated with input of measured total deformation from 60ºC series.  
 
As shown in Figure 6-25, the total deformations in the two cases with two different constant 
CTEs are different from the measured total deformation, and consequently the calculated stress 
development in those two cases can not represent the stress development in the structure. It 
means that only measuring autogenous shrinkage under isothermal condition is not sufficient, 
and with the assumed constant CTE it cannot ensure that the input total deformation represents 
the total deformation under realistic temperature history.  
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Figure 6-25 The different input of total deformation and stress development                                               
 
According to the second strategy, the total deformation measured in the Dilation Rig under 60ºC 
series is used as input in the analysis, and it is separated by different assumed constant CTEs: 
8.5×10-6 or 10.0×10-6 / ºC, as shown in Figure 6-26. It can be seen that the difference between 
the induced stresses at 7 days is about 10%, and as long as the input of total deformation is the 
same the induced stress is not significantly affected by different separation.  
 
If the total deformation under realistic temperature history is available, although the CTE of the 
concrete in the early ages varies during the hydration process, the second strategy appears to be 
more robust since the CTE does not vary as much as AD.  
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Figure 6-26 Different separation of free deformation and stress development  
 
In the TSTM test, the temperature is approximately uniform in the specimen, but in a real 
structure, the temperature varies from point to point. In the lack of models for AD and TD the 
total deformation measured from 56 ºC series is used for the whole “SV 40” wall in the analysis. 
The experimental data of the total deformations for “SV 40” concrete under various temperature 
histories is not available, and in stead the basic 5 is used to investigate the effect of different 
total deformation input for different temperature ranges on the stress development.       
 
The measured total deformations of basic 5 concrete under variable temperature histories with 
maximum temperature 29ºC, 47ºC and 60ºC respectively are separated into autogenous 
shrinkage and thermal dilation by assuming constant CTE (8.5×10-6 / ºC), and then the 
autogenous shrinkage under different temperature histories is applied as input for the different 
slices in the concrete wall, as shown in Figure 6-27. 
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Figure 6-27 Different Autogenous shrinkage input for different slices in the concrete wall 
 
The result is compared with another case, in which only one autogenous shrinkage data from 
60ºC series is applied in the whole wall. The stress development in middle slice of the wall is 
similar in those two cases, as shown in Figure 6-28, but the location of maximum tensile stress 
is different, for the case with different autogenous shrinkage input for different slices the 
maximum tensile stresses occur in the second and fourth slices with autogenous shrinkage data 
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from 47ºC series, and do not occur in the middle of the concrete wall, and for another case, the 
maximum tensile stresses occur in the middle of the concrete wall. The maximum tensile stress 
with different autogenous shrinkage input is 10% higher than that with one autogenous 
shrinkage input, the autogenous deformation in 60ºC series appears apparent expansion from 8 
days after casting, and it will reduce the development of the tensile stress.       
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Figure 6-28 Stress developments in the concrete wall 
 
6.6.4. Discussion 
 
Prediction of crack-index (or crack risk assessment in general) should be based on well defined 
(measured) concrete properties, and the three most important groups of factors in prediction of 
early age cracking are: 
• Hydration heat 
• Volume change: thermal dilation and autogenous shrinkage 
• Material properties: E-modulus, creep/relaxation 
 
The hydration heat is the most important parameter in determining the temperature development 
in the concrete structure. The composition of cement and mineral additives has dominant 
influence on the hydration heat, as experienced in field test, the impropriate mixture containing 
amount of residual silica fume results in a 35% increase in the hydration heat, and consequently 
the cracking index of the “low heat” concrete increases about 30% from 58% to 75%, and cracks 
appeared in the wall structure. In order to control the quality of concrete mixes in the field, 
semi-adiabatic temperature tests may be performed at site when a new batch of cement or 
mineral additives is used. 
   
The volume changes of early age concrete is the driving force of the cracking risk, and the sum 
of thermal dilation and autogenous deformation can be measured in realistic temperature 
histories in laboratory. As long as the total volume change is accurate, the separation into 
different TD and AD would not have significant influence on the structural analysis. In the 
present work, the volume change under stepwise temperature is used to directly calculate the 
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CTE, and to deduce the autogenous shrinkage. When the volume changes are calculated by 
autogenous deformation measured under isothermal temperature conditions and assumed 
constant CTE, one should be aware that this volume change may not be a close approximation 
for that in realistic temperature history because the temperature effect on AD is quite uncertain 
especially under temperature histories with high maximum temperature. The input of measured 
volume changes under various temperature histories, which closely represent the temperature 
distribution in the concrete structure, will give more reliable prediction of cracking risk in early 
age concrete structure.          
 
Creep has two opposite of effect on tensile stress development in concrete. Creep in the early 
period decreases compressive stresses, and consequently increase the tensile stress, while creep 
in cooling period decreases tensile stresses. These two effects are competing and in general the 
latter effect prevails in most situations, and the creep/relaxation properties significantly reduce 
the restraint stresses in concrete structure. 
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7. Case study - Bjørvika submerged tunnel  
 
7.1. Introduction 
 
The concrete tunnel is presently being built in Bjørvika in Oslo, and the total length is about 
1110 meters with three traffic lanes in each direction, and 675 meter of it (30 sections) is 
submerged under the seawater, see Figure 7-1, and the length of each section is 22m. The cross 
section of the tunnel is not exactly symmetric, and the width between left side and middle wall 
is slightly different from the width between right side and middle wall. In the current study, the 
cross section is treated as symmetric, only half of the section as shown in Figure 7-2 is used in 
the analysis, and it is considered that the simplification reduces the elements used in the FEM 
analysis by 50%, and analysis results is still accurate enough to the current purpose.  
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Figure 7-1 Plan view and vertical section of the Bjørvika submerged tunnel 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7-2 Geometry of the submerged tunnel (half of the cross section treated as symmetric). 
 
The temperature and stress development have been analyzed by the FE program Diana to assess 
the risk of through cracking in the hardening phase. In the FE analyses, the temperature problem 
is solved first, and these results are used as input for the subsequent stress calculation.  
 
7.2. Concrete properties 
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As explained in the previous chapter 3 and 5, the model parameters have been identified from a 
comprehensive test program performed at SVV and NTNU. Thermal and mechanical properties 
(semi-adiabatic temperature test, the E-modulus, and tensile strength test), volume changes 
(Dilation Rig) and stress development in restraint specimens exposed to realistic temperature 
histories (TSTM) have been tested for several concretes with varying content of fly ash and slag, 
and five concretes listed in the following were selected for further studies: 
 
Recipe A: SV40 *(“ordinary bridge concrete”) 
Recipe B: 40%FA* (40% by weight of cement, 28% by weight of binder) 
Recipe C: 60%FA* (60% by weight of cement, 36% by weight of binder) 
                        60%FA with initial temperature 11ºC   
Recipe D: 40% BFS (40% by weight of cement, 28% by weight of binder) 
Recipe E: 60% BFS (60% by weight of cement, 36% by weight of binder) 
 
The composition of the five concretes was presented in detail in chapter 3, and the hydration 
heat and mechanical properties are described in chapter 5. The creep data in compression are 
applied in the FEM analysis. As discussed in Chapter 5, combined compressive and tensile 
DPL-parameters give best correspondence with the measured stress developments in the TSTM 
tests, and using only the compressive DPL-parameters gives better agreement with the test 
results than using only the tensile DPL-parameters. In the FEM program Diana, only one DPL-
parameter can be specified in the input file, and then the compressive creep will be used in the 
analysis. 
 
7.2.1. Volume change 
 
The thermal dilation and the autogenous deformation, which are the driving forces to the 
restraint stress, were determined from the Dilation Rig test. The sum of the two properties is 
measured directly, and then separated into TD and AD. But this separation is only valid for that 
particular temperature history. The practical solution is simply to assume that the thermal 
dilation coefficient is a constant, and then the autogenous deformation is determined by 
subtracting thermal dilation from the total deformation measured under one realistic temperature 
history. Although the temperature distribution varies in the structure, as discussed in chapter 6, 
using only one autogenous shrinkage corresponding to that realistic temperature history has only 
a small effect on the calculated maximum tensile stress.      
 
The imposed temperatures and measured total deformations for five concretes are shown in 
Figure 7-3. The constant CTEs are presented in Table 7.1, and the separated AD and TD are 
shown in Figure 7-3. The maximum temperature and autogenous deformation (AD) at 12 days 
are also presented in Table 7.1.  
 
During the first 1 or 2 days, the temperature increases dramatically, and the specimen 
experiences expansion after the autogenous shrinkage is compensated by the high thermal 
dilation, and afterwards the temperature decreases gradually, and the specimen undergoes 
contraction induced by the thermal and autogenous shrinkage together. The maximum 
temperature is highest for the “SV 40” concrete, and lowest for the 60% FA* concrete. The total 
deformation of the “SV 40” is highest in both the expansion and contraction period, the 
expansion of the BFS concrete is lower than that of the FA concrete, but the contraction of the 
BFS is higher than that of the FA concrete.   
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Figure 7-3 Free deformation and separated thermal dilation and autogenous deformation  
 
Table 7.1 Thermal dilation coefficients and autogenous deformation after 12 days 
Concrete type Maximum temperature(oC) CTE (10-6) AD  (10-6) 
SV40* 56.0 10.54 150 
40% FA* 48.7 8.70 100 
60% FA* 44.4 8.35 80 
60% FA*- 11ºC 33.0 8.35 38 
40% BFS 50.4 9.43 152  
60% BFS 47.5 9.41 150  
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7.3. Numerical simulation 
 
7.3.1. Verification of the calculation methods towards the TSTM-tests 
 
The TSTM-tests were carried out for all the five concretes in the present test program, and the 
test results have been analysed by both Diana and a Visual basic program (1-D calculation, as 
discussed in chapter 5), and the results are shown in Figure 7-4.  
 
It can be seen that the calculated stress developments of concretes containing 40% and 60% BFS 
have very good agreement with the test results, and that the maximum deviation in compression 
and tension is about 0.2 MPa. The calculated compressive stress of the concretes containing 
40% and 60% FA with 20 ºC initial temperature is higher than the measured ones, and the 
calculated tensile stress of the 60% FA concrete is lower than the test results, while the 
calculated tensile stress of the 40% FA concrete is lower than the test results at first 10 days, and 
afterwards it becomes higher than the test results. The calculated compressive and tensile stress 
of the 60% FA concrete with 11ºC initial temperatures is higher than the test results. The 
calculated compressive stress of the SV 40 concrete is higher than the test results, and the 
calculated tensile stress is lower than the test results until 14 days.  
 
All the model parameters used in the analysis were determined from independent tests as 
described in chapter 3, and no parameters are adjusted to achieve better fit with the test results. 
It can be concluded the model parameters used in the analysis make a reasonably accurate 
prediction of the stress development for the concretes containing different percentage of FA and 
BFS, but the deviation for the SV 40 concrete is high especially for the tensile stress at 3days, 
this is probably due to the low E-modulus of the SV 40 concrete. The maximum compressive 
and tensile stresses are summarized in Table 7.2 with the maximum deviation of compressive 
and tensile stress. The deviation between the calculated and measured maximum stress after 12-
17 days is less than 12%, and in most cases the calculations overestimate the maximum tensile 
stresses.  
 
Table 7.2 Calculated and measured stresses in the TSTM-tests  
Maximum compresive stress 
(MPa) 
Maximum tensile stress (Mpa) Concrete type 
TSTM Diana Ratio 
(TSTM/
Diana) 
Maximum 
deviation in 
compression 
(MPa) 
TSTM Diana Ratio 
(TSTM/
Diana) 
Maximum 
deviation in 
tension 
(Mpa) 
SV40* 1.27(1.5d) 1.60(1.6d) 0.79 -0.32(1.5d) 2.75(15d) 2.72 (15d) 0.99 0.80(3d) 
40% FA* 0.62(1.5d) 0.92(1.5d) 0.67 -0.30(1.5d) 2.50(17d) 2.67 (17d) 1.07 0.30(4d) 
60% FA* 0.70(1.6d) 0.82(1.6d) 0.85 -0.08(1.6d) 2.17(17d) 2.16 (17d) 1.00 0.30(5d) 
60% FA*- 11ºC 0.30(2d) 0.45(2d) 0.67 -0.15(2d) 2.44(17d) 2.73(17d) 1.12 -0.30(17d) 
40% BFS 1.50(1.5d) 1.25(1.5d) 1.20 0.25(1.5d) 2.46(12d) 2.57(12d) 1.04 -0.11(12d) 
60% BFS  1.0(1.7d) 0.80(1.7d) 1.25 0.20(d) 2.47(13d) 2.67(13d) 1.08 -0.20(13d) 
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Figure 7-4 Calculated and measured stress development for the TSTM-tests 
 
7.3.2. 3D structural analysis 
 
7.3.2.1. Finite element modelling 
 
The element mesh of the 3D model used in the analyses is shown in Figure 7-5. Due to 
symmetry conditions only one fourth of the structure between the dilation joints is modelled. 
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The bottom slab is modelled as hardened concrete, while it is assumed that the walls and top 
slab are cast in one operation.   
 
 
Figure 7-5 3D finite element model of ¼ of the tunnel structure 
Geometry data: Bottom slab thickness: 1.2m, wall thickness 1.0m, top slab thickness 1.2m, 
tunnel width 28.0m, tunnel length (between dilation joints) 22.5m. The symmetry-line is in the 
mid-plane of the inner wall (to the right).  
 
7.3.2.2. Boundary conditions and external factors 
 
Fresh concrete temperature: 20oC  
Ambient air temperature: 20oC  
Wind velocity: 1m/s   
Vertical walls (21mm plywood formwork, and convectivity: 0.0033kJ/m2soC) 
Top slab (plastic foil, and convectivity: 0.0076 kJ/m2soC) 
Time for formwork and plastic foil removal: 7 days  (Convectivity: 0.0133 kJ/m2soC ) 
 
7.3.3. Analysis Results 
 
The temperature and stress contour in the middle section of the tunnel is shown in Figure 7-6-
Figure 7-17. The maximum temperature appears at the corner between the wall and the top slab, 
while the critical locations, regarding the risk of through cracking determined as the ratio 
between maximum tensile stress and tensile strength, are in the middle of the wall (length 
direction) and approximately 0.6-1.2m above the foundation slab. Consequently, the 
temperatures in those locations, in addition to the maximum temperatures in the whole structure, 
are reported and discussed. It is seen that concrete with 60% FA* achieves both the lowest 
maximum temperature (42.2oC / temperature rise 22.2oC) and the lowest risk of cracking (0.74) 
in the outer wall. The temperature rise at the critical location of outer wall during hardening for 
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the other concretes are 40.7oC for the SV40* concrete, 26.5oC for the 40%FA* concrete, 25.6oC 
for 40%BFS concrete and 24.9oC for 60%BFS concrete. Furthermore it is seen that the 
reduction in fresh concrete temperature from 20 to 11oC results in a reduction of maximum 
temperature of 5.7oC, while the stress/strength ratio is reduced from 0.74 to 0.52. 
 
The calculated maximum temperatures, tensile stresses after 2 weeks, and corresponding 
stress/strength-ratios are summarized in Table 7.4 below for the five types of concretes.  
 
Table 7.3 Maturity and tensile strength in critical position at 14 days after cracking 
Concrete ft28 (N/mm2) Maturity time 
at  14 days 
Tensile strength in critical position 
at critical time (N/mm2) 
SV40* 3.86 22.2 days 3.79  
40%FA* 3.32 20.7 3.19 
60%FA* 3.00 22.5 2.91 
60%FA*-11ºC 3.00   19.7 2.86 
40%BFS 3.89 20.7 3.74 
60%BFS 3.34 21.0 3.20 
 
Considering the calculated stresses in the outer wall, it is 3.91 N/mm2 for the SV40* concrete 
while it is 2.14 for the 60% FA* concrete. The corresponding stress/strength ratios are 1.04 and 
0.74 respectively. All the calculations show that the risk of cracking is about 12% higher in the 
inner wall compared to the outer wall due to the higher degree of restraint, but the consequences 
of through cracking are most serious in the outer wall which therefore should have to meet the 
crack criterion.  
 
Table 7.4 Calculated temperatures and stress/strength ratio of the critical location in the wall 
Outer wall Inner wall Concrete Tmax 
(oC) 
σtensile,max Tmax σtensile,max Tmax 
Tensile 
strength 
σt/ft 
outer wall 
σt/ft 
inner wall
SV40* 69.0 3.91 60.7 4.40 60.3 3.79 1.04 1.18 
40%FA* 53.1 2.69 46.5 2.99 46.2 3.19 0.86 0.96 
60%FA* 48.4 2.14 42.2 2.38 41.9 2.91 0.74 0.82 
60%FA*-11ºC 41.3 1.49 36.5 1.66 36.4 2.86 0.52 0.58 
40%BFS 53.8 3.35 45.6 3.71 45.2 3.74 0.90 1.01 
60%BFS 50.6 3.19 44.9 3.60 44.7 3.20 1.00 1.13 
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Figure 7-6 Calculated temperatures developments of SV40* concrete (a) Temperature 
contour (48h after casting), (b) Maximum temperature in the structure and temperature 
developments in the inner and outer wall  
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Figure 7-7 Calculated stress developments of SV40* concrete (a) Stress contour (336h after 
casting), (b) Stress developments in the inner and outer wall  
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Figure 7-8 Calculated temperatures developments of 40% FA* concrete (a) Temperature 
contour (58h after casting), (b) Maximum temperature in the structure and temperature 
developments in the inner and outer wall  
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Figure 7-9 Calculated stress developments of 40% FA* concrete (a) Stress contour (336h 
after casting), (b) Stress developments in the inner and outer wall  
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Figure 7-10 Calculated temperatures developments of 60% FA* concrete (a) Temperature 
contour (60h after casting), (b) Maximum temperature in the structure and temperature 
developments in the inner and outer wall  
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Figure 7-11 Calculated stress developments of 60% FA* concrete (a) Stress contour (336h 
after casting), (b) Stress developments in the inner and outer wall  
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Figure 7-12 Calculated temperatures developments of 60% FA* concrete with initial 
temperature 11ºC (a) Temperature contour (72h after casting), (b) Maximum temperature 
in the structure and temperature developments in the  inner and outer wall  
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Figure 7-13 Calculated stress developments of 60% FA* concrete with initial temperature 
11ºC (a) Stress contour (336h after casting), (b) Stress developments in the inner and outer 
wall  
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Figure 7-14 Calculated temperatures developments of 40% BFS concrete (a) Temperature 
contour (64h after casting), (b) Maximum temperature in structure and temperature 
developments in the inner and outer wall  
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Figure 7-15 Calculated stress developments of 40% BFS concrete (a) Stress contour (336h 
after casting), (b) Stress developments in the inner and outer wall  
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Figure 7-16 Calculated temperatures developments of 60% BFS concrete (a) Temperature 
contour (68h after casting), (b) Maximum temperature in the structure and temperature 
developments in the inner and outer wall  
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Figure 7-17 Calculated stress developments of 60% BFS concrete (a) Stress contour (336h 
after casting), (b) Stress developments in the inner and outer wall  
 
Chapter 7 Case study – Bjørvika submerged tunnel 
 169
0,0
0,2
0,4
0,6
0,8
1,0
1,2
0 48 96 144 192 240 288 336
Time (hours)
C
ra
ck
 in
de
x 
in
 o
ut
er
 w
al
l
SV40*
40% FA*
60% FA*
60%-FA*-11ºC
40% BFS
60% BFS
 
Figure 7-18 Crack index in the outer wall for the different concretes 
 
7.4. Conclusion 
 
The risk of through cracking (stress/strength ratio) for the Bjørvika tunnel is determined for five 
types of concrete mixes denoted: SV 40*, 40% FA*, 60% FA*, 40% BFS and 60% BFS 
concrete.  
 
The temperature development is similar in the critical locations of the inner and outer walls, but 
the stresses and the risk of cracking is 12% higher in the inner walls due to larger degree of 
restraint. However, only the outer wall will experience water pressure, and therefore the results 
of outer wall are given most attention. The 60% FA* concrete has both the lowest maximum 
temperature (42.2 ºC) and the lowest stress/strength ratio for the outer wall (0.74). 
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8. Conclusions and suggestions for further work 
 
8.1. Summary and conclusion 
 
The following material properties are main factors which influence the sensitivity of concrete to 
cracking at early age, and which therefore are required for a full evaluation of cracking risk in 
hardening concrete structures: 
• The temperature sensitivity (activation energy) 
• Heat of hydration 
• Coefficient of Thermal Expansion (CTE)  
• Autogenous Deformation (AD) 
• Mechanical properties (E-modulus, compressive strength, tensile strength) 
• Creep/relaxation properties 
 
A comprehensive experimental program was performed to investigate the influence of mineral 
additives such as FA and BFS on the development of all above listed material properties of 
young concrete.  
 
The replacement of cement with the mineral additives such as FA and BFS significantly reduces 
the hydration heat. The increase of maximum adiabatic temperature in 100% BFS reduces 28% 
compared to that in the reference concrete, while for the 100% FA mix the corresponding 
reduction is 34%.  
 
The replacement of cement with BFS does not have significant influence on the development of 
autogenous deformation. Except for the NL-slag concrete, a large volume of expansion appears 
during the first 2 days. The replacement of cement with FA have a certain influence on the 
development of autogenous deformation, and expansion deformation appears in the 40% and 
60% FA* concrete. 
 
The replacement of cement with FA or BFS has significant influence on the development of the 
compressive strength, and the 28-day compressive strength of 100% FA concrete is only 55% of 
that of reference concrete at 20ºC curing condition. In general, the higher the mineral additive 
content is the lower the compressive strength is. The replacement of cement with FA or BFS has 
moderate influence on the 28-days elastic modulus, but the elastic modulus development at very 
early age (less than 1 day) is considerably affected by the slow development of the pozzolanic 
reaction, and the higher the content of FA is, the lower is the elastic modulus. The development 
of splitting tensile strength is significantly affected by the replacement of cement with FA or 
BFS. The 28-day splitting tensile strength of 100% FA concrete is 3.5 MPa while the value 
reaches 5.5 MPa for reference concrete at 20ºC curing condition. 
 
Although the test procedures for tensile creep and compressive creep are similar, an important 
point to note is that the relative importance of the compensation from the dummy specimen is 
very different. The comparison of the results of the compressive and tensile creep tests show 
that at loading ages below 4 days the magnitude and rate of compressive creep is higher than 
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the magnitude of tensile creep for a period of time, afterwards the rate of compressive creep 
decreases more rapidly than the rate of tensile creep. This leads to higher tensile creep a few 
days after loading. The development of compressive and tensile creep is more similar when time 
of loading is beyond 7 days. The amount of cement replaced with FA or BFS substantially 
influences the compressive and tensile creep relation as well as the creep magnitude. The results 
show that high creep in the concrete containing FA or BFS can accelerate the stress relaxation 
and therefore be beneficial in reducing the risk of cracking at early ages. This effect would then 
add to the more obvious and well-known positive effect of using such concrete, namely the 
reduced hydration heat. 
 
Furthermore the transient thermal creep was investigated for the Basic 5 concrete. For hardened 
concretes, the test results showed that transient thermal creep apparently exists. Not only during 
heating, but also during cooling, the compliance functions increase dramatically due to 
temperature changes during these two periods. The calculated compliance functions are in good 
agreement with the measured results, the improvement of the modeling by including the 
transient thermal creep term is significant.  
 
For young concrete, the compressive and tensile strength develop rapidly which has 
considerable influence on the transient thermal creep compliance. The test results for young 
concrete under compression show low increase of compliance function due to transient creep 
during the cooling period. As the compressive strength develops, the ratio between the applied 
constant stress and the compressive strength declines from 0.12 at initial loading to 0.04 at the 
age of 4 days for case No.172, and the calculated transient thermal creep compliance is only 
4μ/MPa. The analytical model of transient thermal creep gives an acceptable prediction of the 
test results for the young concretes and the maturity concept is able to describe the major part of 
the temperature influence on the creep strain development. But it seems that it is not enough to 
take into account the temperature effect on the creep by only using the maturity concept when 
large temperature increase or decrease happens in a short period, and it gives more reliable 
prediction if the transient thermal creep term is added. The parameter ρ  is similar in hardened 
and young concrete under either compressive or tensile load condition, but it is higher in 
compressive loading than in tensile loading.    
 
The modeling of compressive and tensile creep (20ºC isothermal creep test) for different types 
of concretes shows that the curvature of the Double Power Law is more suitable to express the 
compressive creep data than tensile creep data. Furthermore, when comparing TSTM results 
with stress calculations the combined compressive and tensile creep data appears to be most 
promising. This is logic because the concrete specimens in TSTM develop compressive stresses 
during the heating phase and tensile stresses during the subsequent cooling phase. Moreover, 
using only the compressive DPL-parameters give better agreement with the test results than 
using only the tensile DPL-parameters. A reason for this may be that early tensile and 
compressive creep are different especially for concretes containing mineral additives, and the 
fact that the compressive phase in the TSTM tests (and also in field situations) last typically 
from setting up to 2-4 days, which means 4-10 days in maturity time. Hence, in order to 
determine the most relevant creep data (at 20ºC test conditions) one should perform compressive 
creep measurements at early loading ages (from setting to 4-10 days), and tensile creep tests at 
later loading ages.  
 
Based on the measurements of the thermal and mechanical properties of young concretes 
containing different percentages of mineral additives, the measured stresses (the net effect of the 
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properties listed above) from the TSTM have been compared to stress calculations using the 
proposed material models for the different properties. It can be concluded that the model 
parameters used in the analysis make a reasonably accurate prediction of the stress development 
for the concretes containing different percentage of FA and BFS, but the deviation for the SV 40 
concrete is high especially for the tensile stress at 3days, this is probably due to the measured 
low E-modulus of the SV 40 concrete. The deviation between the calculated and measured 
maximum stress after 12-17 days is less than 12%, and in most cases the calculations 
overestimate the maximum tensile stresses.  
 
The finite element program Diana with well-documented material models is used to simulate the 
temperature, stress and strain development in the field test of the wall structure. The calculated 
temperature developments have a good agreement with the test results, and the deviation of the 
calculated and measured maximum temperature is in the range of ±1.5°C for both “SV 40” and 
“low-heat” concrete, and the maximum difference between calculated and measured temperature 
during the first 2 weeks is about 3°C. The calculated strains in the middle part of both walls (0.6 
– 1.2 m above the slab) where the maximum stresses occur are in good agreement with the 
measured ones. This will ensure that the predicted crack-indexes are reliable – as verified by 
occurring severe cracks in SV 40 concrete and fewer cracks in the low-heat concrete. The 
maximum cracking index is about 0.97 for SV 40 concrete, and about 0.75 for the low-heat 
concrete mixture used in the field test. The “low-heat” concrete with fly ash has a lower 
probability to crack under the given conditions. 
 
The finite element analysis is also applied in the design phase of the Bjørvika submerged tunnel 
to evaluate the crack risk for several types of concretes, and thus provide valuable input in the 
process of selecting concrete composition. The risk of through cracking (stress/strength ratio) 
for the tunnel is determined for five types of concrete mixes denoted: SV 40*, 40% FA*, 60% 
FA*, 40% BFS and 60% BFS concrete. The maximum temperature appears at the corner 
between the wall and the top slab, while the critical locations, regarding the risk of through 
cracking determined as the ratio between maximum tensile stress and tensile strength, are in the 
middle of the wall (length direction) and approximately 0.6-1.2m above the foundation slab. The 
temperature development is similar in the critical locations of the inner and outer walls, but the 
stresses and the risk of cracking is 12% higher in the inner walls due to larger degree of restraint. 
However, only the outer wall will experience water pressure, and therefore the results of outer 
wall are given most attention. It is seen that concrete with 60% FA* has both the lowest 
maximum temperature (42.2oC / temperature rise 22.2oC) and the lowest risk of cracking (0.74) 
in the outer wall. The temperature rise during hardening for the other concretes are 30.7oC for 
the SV40* concrete, 26.5oC for the 40%FA* concrete, 25.6oC for 40%BFS concrete and 24.9oC 
for 60%BFS concrete. Furthermore it is seen that the reduction in fresh concrete temperature 
from 20 to 11oC results in a reduction of maximum temperature of 5.7oC, while the 
stress/strength ratio is reduced from 0.74 to 0.52. 
 
8.2.  Recommendation for further research 
 
In the present section some suggestions for more research and further improvement of modelling 
of concrete at early ages are given. They are based on the results and the limitations of the 
present work.  
 
General thermal dilation and autogenous deformation model 
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Thermal dilation and autogenous deformation are major driving force to the stress generation in 
hardening concrete. However, there are no generally accepted models for thermal dilation 
coefficient and autogenous deformation. In the present work, the CTEs of early age concrete are 
directly measured by superimposing “saw-toothed” temperatures in the dilation rig test, and the 
parameters of the proposed CTE model are determined by the measured CTEs, and then the total 
deformation in the TSTM is separated into thermal dilation and autogenous deformation. 
Therefore it is a clear demand for more research on this topic, especially on the relationship 
between the change of relative humidity and the development of autogenous deformation during 
early age. 
 
Coupling of shrinkage and creep in tensile creep test 
 
As mentioned in Chapter 5, the commonly used procedure to define creep is simply to subtract 
the measured autogenous shrinkage of an unloaded dummy specimen from the total deformation 
measured on the loaded specimen, and it is assumed that the autogenous deformation and creep 
are two independent phenomena. In hardening concrete autogenous deformation takes place 
independently on the environmental conditions and can not be influenced from the exterior, so 
simultaneous creep and shrinkage are always present. In contrast to the compressive creep tests, 
the free deformations in the tensile creep tests are at least of the same order of magnitude as the 
load-dependent deformations. Consequently the load independent strains always have a large 
influence on both the magnitude and the rate of the creep development in tensile tests. More 
research is necessary to clarify whether this approach is valid for determination of tensile creep 
and to what extent the shrinkage and creep interacts with each other in the early ages. 
 
Creep at variable temperature 
  
Creep and its associated relaxation are very important properties in stress simulation of early age 
concrete. In the present work, transient thermal creep is investigated by a few experimental tests. 
Further creep test under different isothermal temperatures, and under other variable temperature 
histories, should be performed as basis for further improvement of the material modeling and 
understanding of the topic. 
 
Materials development 
 
Within the concrete industry, new materials as cement types and additives are continuously 
being developed. Furthermore, the requirements to the materials are also changing due to 
durability, aesthetics, and work environment etc. It is therefore important that the early age 
properties of the new concretes are being continuously investigated. 
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                     Figure A.1 Adiabatic temperature and hydration heat of Reference concrete 
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Figure A.2 Adiabatic temperature and hydration heat of “SV 40*” concrete 
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Figure A.3 Adiabatic temperature and hydration heat of 40% FA* concrete 
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Figure A.4 Adiabatic temperature and hydration heat of 60% FA* concrete with initial 
temperature 20 ºC 
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Figure A.5 Adiabatic temperature and hydration heat of 60% FA* concrete with initial 
temperature 11 ºC 
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Figure A.6 Adiabatic temperature and hydration heat of 100% FA concrete 
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Figure A.7 Adiabatic temperature and hydration heat of 40% BFS concrete 
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Figure A.8 Adiabatic temperature and hydration heat of 60% BFS concrete 
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Figure A.9 Adiabatic temperature and hydration heat of 100% BFS concrete 
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Figure A.10 Adiabatic temperature and hydration heat of NL slag concrete 
 
Table A.1 Parameters for thermal properties  
Heat production Parameters of Thermal Specific 
Concrete activition energy  condutivity heat
binder Q∞ A B KJ/msºC J/kgºc
Ref-0,45 (SVV) 378 336 14,00 1,03 33500** 1400** 0,0022** 1,04**
Ref-0,45 (NTNU) 378 310 16,34 1,10
40% BFS (SVV) 382 313 17,04 0,81
40% BFS (NTNU) 382 286 18,95 0,84
60% BFS (SVV) 384 316 20,49 0,72
60% BFS (NTNU) 384 274 21,97 0,78
100%BFS (SVV) 386 322 33,98 0,58
100%BFS (NTNU) 386 292 33,05 0,60
40% FA (SVV) 382 281 16,84 0,97
40% FA (NTNU) 382 251 17,07 1,11
60% FA (SVV-a,b) 384 248 17,35 1,02
60% FA (NTNU) 384 215 17,75 1,20
100% FA (SVV) 386 215 23,52 0,86
100% FA (NTNU) 386 202 21,12 1,1
40% FA* (SVV) 26574 1030
40% FA* (NTNU) 382 244 20,12 1,39 1,07
60% FA* (SVV) 36192 1136
60% FA* (NTNU) 384 215 21,86 1,17 1,07
60% FA* (NTNU-initial temperature 10ºC) 382 222 17,34 1,15 1,07
SV40* (SVV) 21996 2699
SV40* (NTNU) 424 319 15,04 1,34 1,06
NL slag* (SVV) 33648 2680
NL slag* (NTNU) 389 263 28,01 1,32 1,06
*  Second series
** The default value used in the analysis if the test data are not avaiable 
τ
( ) expeq
eq
Q t Q
t
ατ
∞
⎡ ⎤⎛ ⎞⎢ ⎥= ⋅ −⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦α
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Mechanical properties: Compressive strength, E-modulus and tensile strength 
 
Table A.2 Compressive strength (Norwegian Public Road Administration (SVV)) 
fc (MPa)(20ºC) fc (MPa) (Semi)
concrete 
1day 2day 3day 7day 14day 21day 28day 90day 28 day 
SV40 30.2  52.4 61,6   80.9 90.7  
SV40* 17.44 33.03  47.79(6d) 57.06(15d)  67.15  61.91 
Reference 22.3  42.7 54.4   76.2 87.3  
40% FA 13.3  29.5 39.5   64.4 78.5  
40% FA* 7.48(0.8d) 16.14(1.9d)  33.58 44.8(14.9d) 51.7 55.75   
60% FA (a ) 11.7  27.5(4d) 33.9   55.9 71.9  
60% FA (b) 9.7  27.0(4d) 34.7   57.6 74.0  
60% FA* 8.86(1.3d) 13.3 17.39 23.74(6d) 34.64  46.96   
100% FA 5.1  14.9 22.0   41.9 58.6  
40% BFS 14.3  30.7 42.6   70.1 83.2  
60% BFS 12.3  25.8 35.8   62.0 80.1  
100% BFS 7.2  16.4 26.9   52.1 68.0  
NL slagcement* 8.0(1.4d) 12.35 18.1 32.2 44.3  53.45   
Note: *- Test data for second series including four types of concretes 
         (6d)- The value in the parentheses is the age at test   
         20ºC – Test performed at isothermal 20ºC temperature 
         Semi – Test performed at semi-adiabatic temperature history         
 
Table A.3 Compressive strength (NTNU) 
fc (MPa) (20ºC) fc (MPa) (Semi) 
concrete 
2day 7day 14day 28day 28 day 
SV40*    64.1(24d) 64.5(24d) 
Reference 29.2 44.5 53.3 66.3 63.9 
40% FA 20.2 36.7 41.9 57.4 64.5 
40% FA*    47.5(29d) 53.8(29d) 
60% FA      
60% FA*    41.5(29d) 46.5(29d) 
100% FA 9.6 19.4 26.2 36.9(33d) 43.6(33d) 
40% BFS 19.3 36.5 47.4 54.4 60.6 
60% BFS 16.1 31.8 44.0 53.4 63.0 
100% BFS 9.9 23.7 33.5 39.3 50.9 
NL  slagcement*    47.4 51.1 
Note: *- Test data for second series including four types of concretes 
         (24d)- The value in the parentheses is the age at test   
         20ºC – Test performed at isothermal 20ºC temperature 
         Semi – Test performed at semi-adiabatic temperature history         
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Table A.4 Elastic modulus (Norwegian Public Road Administration (SVV)) 
Ec (MPa)(20ºC) 
concrete 
1day 3day 7day 28day 90day 290day 
SV40 20415 24774(2d) 28088 31750 33297 33726 
SV40*       
Reference 20836 25055 27631 32469 32470 32457 
40% FA 18653 22823 24707 29409 31129 32235 
40% FA*       
60% FA (a) 17027 22854(4d) 24099 29021 31342 32362 
60% FA (b) 14058 22911(4d) 23301 30088 31417 31293(343d) 
60% FA*       
100% FA 8766 18820 21072 27353 29786 30889 
40% BFS 17599 22519 24389 29873 32234 33075 
60% BFS 14437 21917 23440 29258 32386 33672 
100% BFS 12508 19469 22515 28483 32401 32368 
NL  slagcement*       
Note: *- Test data for second series including four types of concretes 
         (2d)- The value in the parentheses is the age at test   
         20ºC – Test performed at isothermal 20ºC temperature 
         Semi – Test performed at semi-adiabatic temperature history         
 
Table A.5 Elastic modulus (NTNU) 
Ec (MPa) (20ºC) Ec (MPa) (Semi) 
concrete 
28day 28 day 
SV40*  32200 
Reference 35000  
40% FA 32680(27d)  
40% FA*  33900(29d) 
60% FA   
60% FA*  34500(29d) 
100% FA 27500(33d)  
40% BFS 33700  
60% BFS 32190  
100% BFS 32500  
NL  slagcement*  35500(21d) 
Note: *- Test data for second series including four types of concretes 
         (27d)- The value in the parentheses is the age at test   
         20ºC – Test performed at isothermal 20ºC temperature 
         Semi – Test performed at semi-adiabatic temperature history         
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Table A.6 Split tensile strength (Norwegian Public Road Administration (SVV)) 
Split tensile strength fts (MPa) (20ºC)
concrete 
1day 290day 
SV40 2.8 5.8 
SV40*   
Reference 2.4 5.6 
40% FA 1.5 6.0 
40% FA*   
60% FA (a) 1.1 4.7 
60% FA (b) 0.9 5.8 
60% FA*   
100% FA 0.4 5.3 
40% BFS 1.6 5.5 
60% BFS 1.1 5.0 
100% BFS 0.7 5.1 
NL slagcement*   
Note: 20ºC – Test performed at isothermal 20ºC temperature 
 
Table A.7 Split and uniaxial tensile strength (NTNU) 
Split tensile strength (MPa) Uniaxial tensile strength(MPa) 
fts (20ºC) fts (Semi) ft (20ºC) ft (Semi) TSTM (Realistic temperature) concrete 
2day 8day 28day 28day 28day 28day ft Time (d) Maturity(d)
SV40* 3.16 3.96 4.9(24d) 5.1(24d)  3.5(24d)    
Reference 3.25  5.5 5.13 3.88 3.59    
40% FA 2.38  4.46 5.44 3.26 3.75 3.43 12.08 25.67 
1.81 3.31 4.1(29d) 5.0(29d)  3.3    
40% FA* 
1.98         
60% FA       3.24 13.08 26.00 
1.6  3.7(29d) 4.6(29d)  3.2(30d) 3.10** 18.00** 19.83** 
60% FA* 
1.35 2.25        
100% FA 1.09  3.58(33d) 4.14(33d) 2.49(33d) 3.13(33d) 3.03 13.08 20.58 
40% BFS 2.28  4.82 5.2 3.89 3.78 3.73 12.08 25.67 
60% BFS 1.96  4.76 5.32 3.34 3.61 3.82 13.04 26.00 
100% BFS 1.19  4.04 5.12 2.91 3.4 3.20 13.04 23.83 
NL slagcement* 1.0 3.08 4.0 4.3  3.3    
Note: **- Initial temperature 11ºC 
          *- Test data for second series including four types of concretes 
         (24d)- The value in the parentheses is the age at test   
         20ºC – Test performed at isothermal 20ºC temperature 
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         Semi – Test performed at semi-adiabatic temperature history         
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Figure A.11 Mechanical properties of SV 40 and SV 40* concretes 
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Figure A.12 Mechanical properties of reference concrete 
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Figure A.13 Mechanical properties of 40% FA and 40% FA* concretes 
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Figure A.14 Mechanical properties of 60% FA and 60% FA* concretes 
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Figure A.15 Mechanical properties of 100% FA concrete 
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Figure A.16 Mechanical properties of NL slag* concrete 
 
 
Appendix A: Test results of hydration heat and the mechanical properties 
 194
0
5000
10000
15000
20000
25000
30000
35000
40000
0,1 1,0 10,0 100,0 1000,0
Time (days)
E-
m
od
ul
us
 (M
Pa
)
40% slag (SVV,20ºC)
model (SVV)
40% slag (NTNU,20ºC)
model (NTNU)
0
10
20
30
40
50
60
70
80
90
0,1 1,0 10,0 100,0 1000,0
Time (days)
C
om
pr
es
si
ve
 s
tr
en
gt
h 
(M
Pa
)
40% slag (SVV,20ºC)
model (SVV)
40% slag (NTNU,20ºC)
model (NTNU)
40% slag (NTNU,Semi)
0,0
0,5
1,0
1,5
2,0
2,5
3,0
3,5
4,0
4,5
5,0
5,5
6,0
0,1 1,0 10,0 100,0 1000,0
Time (days)
Sp
lit
 te
ns
ile
 s
tr
en
gt
h 
(M
Pa
)
40% slag (SVV,20ºC)
40% slag (NTNU,20ºC)
40% slag (NTNU,Semi)
0,0
0,5
1,0
1,5
2,0
2,5
3,0
3,5
4,0
4,5
0,1 1,0 10,0 100,0
Time (days)
Te
ns
ile
 s
tr
en
gt
h 
(M
Pa
)
40% slag (NTNU,20ºC,fts)
40% slag (NTNU,20ºC)
40% slag (NTNU,Semi)
model (NTNU)
Figure A.17 Mechanical properties of 40% slag concrete 
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Figure A.18 Mechanical properties of 60% slag concrete 
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                                         Figure A.19 Mechanical properties of 100% slag concrete 
 
 
 
 
 
 
 
 
 
Appendix A: Test results of hydration heat and the mechanical properties 
 196
Table A.8 Parameters for mechanical properties 
Concrete fc28 (MPa) (20ºC) ft28 (MPa) Ec28 (MPa) s nt nE t0,eq (hours)
Ref-0,45 (SVV) 76,09 31084,0 0,256 0,312
Ref-0,45 (NTNU) 62,92 3,88 34980,0 0,256 0,629 8,0
40% BFS (SVV) 69,41 29867,0 0,366 0,298
40% BFS (NTNU) 54,80 3,89 33715,0 0,366 0,604 9,1
60% BFS (SVV) 63,71 29738,6 0,430 0,322
60% BFS (NTNU) 52,83 3,34 32190,0 0,430 0,601 9,6
100%BFS (SVV) 52,48 28827,7 0,549 0,291
100%BFS (NTNU) 41,00 2,91 32505,0 0,549 0,618 10,5
40% FA (SVV) 64,84 29317,5 0,362 0,251
40% FA (NTNU) 54,16 3,26 32736,0 0,362 0,491 9,8
60% FA (SVV-a) 57,56 29091,8 0,418 0,251
60% FA (SVV-b) 59,07 28939,3 0,446 0,289
60% FA (NTNU) 0,418 10,5
100% FA (SVV) 44,04 27188,4 0,564 0,325
100% FA (NTNU) 34,97 2,85 27120,0 0,564 0,560 11,0
40% FA* (SVV) 53,49 0,356
40% FA* (NTNU) 47,20 3,31 33846(semi) 0,362 0,623 11,8
60% FA* (SVV) 43,27 0,373
60% FA* (NTNU) 41,20 3,20 34438(semi) 0,418 0,533 13,5
SV40 (SVV) 80,91 31704,8 0,197 0,421
SV40* (SVV) 64,98 0,238
SV40* (NTNU) 65,11 3,86 32414(semi) 0,197 0,722 8,0
NL slag* (SVV) 52,50 0,408
NL slag* (NTNU) 47,40 3,30 35500(21,semi) 0,408 0,767 19,0  
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                          Figure B.1 Compressive creep test on 2 and 7-old concrete (40% BFS) 
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2) Load and measured strain (load at 50 hours)                         3) Creep compliance 
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4) Load and measured strain (load at 170 hours)                        5) Creep compliance 
 
                            Figure B.2 Compressive creep test on 2 and 7-old concrete (60% BFS) 
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 3) Load and measured strain (specimen no.1)     4) Load and measured strain (specimen no.2) 
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5) Load-independent strain (Dummy specimen)                      6) Creep compliance 
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9) Load and measured strain (specimen no.1)     10) Load and measured strain (specimen no.2) 
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                  Figure B.3 Compressive creep test on 2 and 7-old concrete (Basic 5*)         
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5) Load-independent strain (Dummy specimen)                      6) Creep compliance 
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9) Load and measured strain (specimen no.1)    10) Load and measured strain (specimen no.2) 
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   11) Load-independent strain (Dummy specimen)                    12) Creep compliance 
 
                           Figure B.4 Compressive creep test on 2 and 9-old concrete (SV 40*)         
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3) Load and measured strain (specimen no.1)      4) Load and measured strain (specimen no.2) 
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5) Load-independent strain (Dummy specimen)          6) Creep compliance 
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9) Load and measured strain (specimen no.1)    10) Load and measured strain (specimen no.2) 
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   11) Load-independent strain (Dummy specimen)                      12) Creep compliance 
 
                  Figure B.5 Compressive creep test on 3 and 8-old concrete (40% FA*)         
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1) Temperature in room                                                 2) Relative humidity in room 
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3) Load and measured strain (specimen no.1)    4) Load and measured strain (specimen no.2) 
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5) Load-independent strain (Dummy specimen)                      6) Creep compliance 
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9) Load and measured strain (specimen no.1)    10) Load and measured strain (specimen no.2) 
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   11) Load-independent strain (Dummy specimen)                   12) Creep compliance 
 
                  Figure B.6 Compressive creep test on 4 and 7-old concrete (60% FA*)        
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1) Temperature in room                                                 2) Relative humidity in room 
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3) Load and measured strain (specimen no.1)      4) Load and measured strain (specimen no.2) 
 
0
10
20
30
40
50
60
70
144 240 336 432 528 624 720 816 912 1008 1104 1200
Time (hrs)
M
ea
su
re
d 
st
ra
in
 (1
0-
6 )
dummy-1
dummy-2
dummy-3
dummy
0
10
20
30
40
50
60
70
80
90
100
110
120
0 2 4 6 8 10 12 14 16 18
Time (day)
C
om
pl
ia
nc
e 
fu
nc
tio
n 
(1
0-
6 /
M
P
a)
specimen no.1
specimen no.2
 
5) Load-independent strain (Dummy specimen)                      6) Creep compliance 
 
                  Figure B.7 Compressive creep test on 7-old concrete (100% FA)         
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3) Load and measured strain (specimen no.2)     4) Load and measured strain (specimen no.3) 
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5) Load-independent strain (Dummy specimen)                    6) Creep compliance 
 
                 Figure B.8 Compressive creep test on 7-old concrete (reference)         
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Tensile creep tests 
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3) Load-independent strain (Dummy specimen) 
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4) Load and measured strain (load at 48 hours)                       5) Creep compliance  
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6) Temperature in room                                                 7) Relative humidity in room 
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8) Load-independent strain (Dummy specimen) 
 
-1000
-900
-800
-700
-600
-500
-400
-300
-200
-100
0
144 168 192 216 240 264 288 312 336 360
Time (hrs)
M
ea
su
re
d 
st
ra
in
 (1
0-
6 )
0
50
100
150
200
250
300
350
400
Lo
ad
 (k
N
)
KANAL 27
KANAL 29
average
load
0
10
20
30
40
50
60
70
80
5 6 7 8 9 10 11 12 13 14 15
Time (day)
C
om
pl
ia
nc
e 
fu
nc
tio
n 
(1
0-
6 /
M
P
a)
specimen no.3
9) 
Load and measured strain (load at 168 hours)                      10) Creep compliance  
       
                         Figure B.9 Tensile creep test on 2 and 7-old concrete (40% BFS) 
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3) Load-independent strain (Dummy specimen) 
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4) Load and measured strain (load at 48 hours)                       5) Creep compliance  
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6) Temperature in room                                                 7) Relative humidity in room 
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8) Load and measured strain (load at 167 hours)                      9) Creep compliance 
 
                           Figure B.10 Tensile creep test on 2 and 7-old concrete (60% BFS) 
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Appendix B: Creep data 
 214
-80
-70
-60
-50
-40
-30
-20
-10
0
10
0 48 96 144 192 240 288 336 384
Time (hrs)
M
ea
su
re
d 
st
ra
in
(1
0-
6 )
KANAL 44
KANAL 45
KANAL 46
average
 
3) Load-independent strain (Dummy specimen) 
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4) Load and measured strain (load at 48 hours)                       5) Creep compliance  
 
                            Figure B.11 Tensile creep test on 2 old concrete (100% BFS) 
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3) Load-independent strain (Dummy specimen) 
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4) Load and measured strain (load at 46 hours)                      5) Creep compliance  
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8) Load and measured strain (load at 214 hours)                    9) Creep compliance 
 
                           Figure B.12 Tensile creep test on 2 and 7-old concrete (SV 40*) 
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1) Temperature in room                                                 2) Relative humidity in room 
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3) Load-independent strain (Dummy specimen) 
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5) Load and measured strain (load at 51 hours)           6) Creep compliance  
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7) Temperature in room                                                 8) Relative humidity in room 
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9) Load-independent strain (Dummy specimen) 
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                          Figure B.13 Tensile creep test on 2 and 8-old concrete (40% FA*) 
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3) Load-independent strain (Dummy specimen) 
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4) Load and measured strain (load at 51 hours)          5) Creep compliance  
 
19
19,5
20
20,5
21
21,5
144 168 192 216 240 264 288 312 336 360 384
Time (hrs)
Te
m
pe
ra
tu
re
 (o
C
)
room
loaded specimen
30
35
40
45
50
55
60
144 168 192 216 240 264 288 312 336 360 384
Time (hrs)
R
el
at
iv
e 
hu
m
id
ity
 (%
)
RH in room
 
6) Temperature in room                                                 7) Relative humidity in room 
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8) Load and measured strain (load at 168 hours)                      9) Creep compliance 
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10) Temperature in room                                                 11) Relative humidity in room 
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12) Load-independent strain (Dummy specimen) 
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                            Figure B.14 Tensile creep test on 2, 4 and 7-old concrete (60% FA*) 
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1) Temperature in room                                                 2) Relative humidity in room 
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3) Load-independent strain (Dummy specimen) 
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4) Load and measured strain (load at 54 hours)           5) Creep compliance  
Appendix B: Creep data 
 222
19
19,5
20
20,5
21
21,5
192 240 288 336 384 432 480 528 576
Time (hrs)
Te
m
pe
ra
tu
re
 (o
C
)
room
loaded specimen
dummy
30
35
40
45
50
55
60
65
70
75
192 240 288 336 384 432 480 528 576
Time (hrs)
R
el
at
iv
e 
hu
m
id
ity
 (%
)
RH in room
 
6) Temperature in room                                                7) Relative humidity in room 
 
-20
-10
0
10
20
30
40
50
60
70
144 192 240 288 336 384 432 480 528 576
Time (hour)
M
ea
su
re
d 
S
tra
in
 (1
0-
6 )
-4
-2
0
2
4
6
8
10
12
14
lo
ad
 (k
N
)
kanal 41
kanal 42
kanal 43
average
load
0
10
20
30
40
50
60
70
80
6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Time (day)
C
om
pl
ia
nc
e 
fu
nc
tio
n(
10
-6
/M
P
a)
NL slaGcement*-8d
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12) Load-independent strain (Dummy specimen) 
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 13) Load and measured strain (load at 69 hours)                    14) Creep compliance 
                       
                            Figure B.15 Tensile creep test on 2, 3 and 8-old concrete (NL slag*) 
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3) Load-independent strain (Dummy specimen) 
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4) Load and measured strain (load at 48 hours)          5) Creep compliance  
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13) Load and measured strain (load at 48 hours)              14) Creep compliance  
 
                              Figure B.16 Tensile creep test on 2 and 7-old concrete (Reference) 
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Figure C.1 Volume change and restraint stress (Reference concrete) 
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Figure C.2 Volume change and restraint stress (40% BFS) 
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Figure C.3 Volume change and restraint stress (60% BFS) 
 
 
Appendix C: Test results of Dilation Rig and TSTM   
 230
10
15
20
25
30
35
40
45
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336
Time (hours)
Te
m
pe
ra
tu
re
 (o
 C
)
Temperature, dilation rig
Temperature, TSTM
 
a) Temperature in dilation rig and TSTM       
0
1
2
3
4
5
6
7
8
9
10
11
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336
Time (hours)
C
TE
 (1
0-
6 /0
C
)
CTE-Test
CTE-Model
 
-200
-150
-100
-50
0
50
100
150
200
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336
Time (hours)
S
tra
in
 (1
0-
6 )
Total free strain-dilation rig
Thermal dilation-dilation rig
Autogenous shrinkage-dilation rig
Total free strain-TSTM
Thermal dilation -TSTM
autogenous shrinkage -TSTM
b) Calculated CTE and model                               c) Separation of TD and AD 
-150
-100
-50
0
50
100
150
200
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336
Time (hours)
S
tra
in
 (1
0-
6 )
Total free strain-dilation rig
TSTM-strain
 
-1,5
-1,0
-0,5
0,0
0,5
1,0
1,5
2,0
2,5
3,0
3,5
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336
Time (hours)
TS
TM
-s
tre
ss
 (M
P
a)
d) Measured strain in dilation rig and TSTM        e) Restraint stress in TSTM 
Figure C.4 Volume change and restraint stress (100% BFS) 
 
Appendix C: Test results of Dilation Rig and TSTM   
 231
10
15
20
25
30
35
40
45
50
55
0 48 96 144 192 240 288 336 384 432 480
Time (hours)
Te
m
pe
ra
tu
re
 (o
 C
)
Temperature, dilation rig
Temperature, TSTM
 
a) Temperature in dilation rig and TSTM       
0
1
2
3
4
5
6
7
8
9
10
11
12
0 48 96 144 192 240 288 336 384 432
Time (hours)
C
TE
 (1
0-
6 /0
C)
CET-test
CTE-Model
 
-300
-250
-200
-150
-100
-50
0
50
100
150
200
0 48 96 144 192 240 288 336 384 432
Time (hours)
S
tra
in
 (1
0-
6 )
Total free strain-dilation rig
Thermal dilation-dilation rig
Autogenous shrinkage-dilation rig
Total free strain-TSTM
Thermal dilation -TSTM
autogenous shrinkage-diana
b) Calculated CTE and model                               c) Separation of TD and AD 
-300
-200
-100
0
100
200
0 48 96 144 192 240 288 336 384 432 480
Time (hours)
S
tra
in
 (1
0-
6 )
Total free strain-dilation rig
TSTM-Strain
 
-1,0
-0,5
0,0
0,5
1,0
1,5
2,0
2,5
3,0
3,5
4,0
0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384 408
Time (hours)
TS
TM
-s
tre
ss
 (M
P
a)
d) Measured strain in dilation rig and TSTM        e) Restraint stress in TSTM 
Figure C.5 Volume change and restraint stress (NL slag*) 
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Figure C.6 Volume change and restraint stress (SV 40*) 
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Figure C.7 Volume change and restraint stress (40% FA*) 
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Figure C.8 Volume change and restraint stress (60% FA*) 
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Figure C.9 Volume change and restraint stress (60% FA*-initial temperature 11ºC) 
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                     Figure C.10 Volume change and restraint stress (100% FA) 
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